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High Resolution Rain Intensity Measurement and 
its Application on Free Space Optics
Andrea Farkasvölgyi1, László Csurgai-Horváth1, Attila Hilt1

1Department of Broadband Infocommunications and Electromagnetic Theory, Budapest University 
of Technology and Economics, Budapest, Hungary

Abstract: Thunderstorms affect our everyday life. Among the various types of precipitation, it is extremely important to determine 
rain intensity both for scientific and for economic reasons. Various traditional meteorological methods and other techniques, such 
as radio measurements can be applied to this. The fluctuation of the received signal level, occurring on radio connections, especially 
in the shorter millimeter wavelength range, strongly depends on the rain intensity. Thus, the fading phenomenon is also suitable 
for measuring the rain intensity indirectly. We present our new method of producing calibrated attenuation time series from the 
measured data of the received signal level, which can be used to directly express the rain intensity. It is concluded that the method is 
suitable for the detection of rapid and instantaneous changes in rain intensity due to the high sampling rate. Our results have many 
possible applications: from high-resolution detection of time-varying rainfall intensity to adaptive communication control systems 
with short reaction times. We present the effect of heavy rainfall on free-space optical connections, an important secure and high data 
rate link type. We assume that high-intensity rain would result in the disturbance of optical connections and worst-case it would result 
in its interruption. We analyzed the magnitude of deterioration by the probability of fade. Based on our results, we draw attention to 
the fact that nowadays increasingly frequent, high-intensity precipitation bursts can damage optical connections. We advise some 
solutions to eliminate the harmful effects of intense rain.

Keywords: mmW; high resolution measurement; rain intensity sensing; FSO link; outage probability

Merjenje intenzivnosti dežja z visoko ločljivostjo in 
njegova uporaba v optiki prostega prostora
Izvleček: Nevihte vplivajo na naše vsakdanje življenje. Med različnimi vrstami padavin je iz znanstvenih in gospodarskih razlogov 
izjemno pomembno določiti jakost dežja. Pri tem lahko uporabimo različne tradicionalne meteorološke metode in druge tehnike, 
kot so radijske meritve. Nihanje ravni sprejetega signala, ki se pojavlja na radijskih povezavah, zlasti v krajšem območju milimetrskih 
valovnih dolžin, je močno odvisno od intenzivnosti dežja. Zato je pojav bledenja primeren tudi za posredno merjenje intenzivnosti 
dežja. Predstavljamo našo novo metodo izdelave umerjenih časovnih vrst slabljenja iz izmerjenih podatkov o ravni sprejetega signala, 
ki se lahko uporabijo za neposredno izražanje intenzivnosti dežja. Ugotavljamo, da je metoda zaradi visoke stopnje vzorčenja primerna 
za zaznavanje hitrih in trenutnih sprememb intenzivnosti dežja. Naši rezultati se lahko velikokrat uporabijo: od zaznavanja časovno 
spremenljive intenzivnosti dežja z visoko ločljivostjo do prilagodljivih sistemov za nadzor komuniciranja s kratkimi reakcijskimi časi. 
Predstavljamo vpliv močnega deževja na optične povezave v prostem prostoru, ki so pomembna vrsta varnih povezav z visoko 
hitrostjo prenosa podatkov. Predpostavljamo, da bi močno deževje povzročilo motnje optičnih povezav, v najslabšem primeru pa bi 
povzročilo njihovo prekinitev. Velikost poslabšanja smo analizirali z verjetnostjo izginotja. Na podlagi naših rezultatov opozarjamo na 
dejstvo, da lahko dandanes vse pogostejši, visoko intenzivni nalivi poškodujejo optične povezave. Svetujemo nekaj rešitev za odpravo 
škodljivih učinkov intenzivnega dežja.

Ključne besede: mmW; merjenje visoke ločljivosti; zaznavanje intenzivnosti dežja; povezava FSO; verjetnost izpada

* Corresponding Author’s e-mail: farkasvölgyi.andrea@vik.bme.hu, csurgai-horvath.laszlo@vik.bme.hu, hilt.attila@vik.bme.hu
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1 Introduction

Rain intensity is a very important physical quantity 
whose measurement is fundamental in many areas. 
Meteorological observations, agricultural purposes, 
flight safety, and even the quality of terrestrial or sat-
ellite radio communication at millimetric wavelengths 
(mmW) are closely related to the amount of liquid pre-
cipitation [1-3]. Various types of measurement devices 
are suitable for measuring precipitation, including rain 
intensity, from simple tipping bucket gauges or drop 
counter sensors to real-time sensors or radar-based 
measurements [4]. In general, the devices for measur-
ing rain intensity work with a certain integration time, 
which can be several minutes long. The measurement 
result provided by these devices is expressed as the 
rain intensity in [mm/h] detected at the geographic 
location of the measuring system. Considering mmW 
radio connections, the received signal power is affect-
ed by precipitation, especially by the attenuation of 
intensive rainfalls [2, 3]. On the other hand, this phe-
nomenon can be used to determine the magnitude 
of the rain intensity from the rain attenuation [5], for 
which the appropriate calculations can be found in the 
relevant recommendations of ITU, the International 
Telecommunications Union [6]. On longer radio con-
nections, we must account for the difference between 
the effective and the real path lengths [7]. However, on 
very short connections, it can be assumed that the rain 
affects the whole path length with uniform rain attenu-
ation. Consequently, in this article our findings are also 
based on this assumption. We present a new method 
based on a computation of rain intensity from the 
change in signal level, measured on a very short radio 
hop operating in the 58  GHz band. The great advan-
tage of the method is that the instantaneous rain in-
tensity can be determined with high resolution, which 
is limited only by the sampling rate of the received sig-
nal level (RSL). The process provides a solution for the 
rapid detection of precipitation conditions and many 
practical application possibilities can be assigned for 
our new detection process.

The rest of the paper is organized as follows. Section 2 
briefly introduces the applied measurement setup, 
using an experimental millimeter wave wireless radio 
link. Section 3 explains the data processing method of 
the measured received power level time series, in order 
to obtain the required attenuation time series. Section 
4 introduces the inverse method to get rain attenua-
tion time series from the attenuation time series data. 
Sections 5 and 6 present the impact of high-intensity 
precipitation on Free Space Optical (FSO) links by esti-
mating the deterioration of outage probability. Finally, 
the application areas, remarks and conclusions are giv-
en in Sections 7, 8 and 9.

2 The measurement setup

The primary objective of this paper is to estimate the 
intensity of rainfall by analyzing the received signal 
power level of a radio link. The measurements are car-
ried out by an experimental full-duplex V-band radio 
link. The used Nokia MetroHopper wireless access link 
has been originally designed for dense microcellular 
networks [8, 9]. This 58 GHz radio is set up to function 
over short distances to establish a low-latency connec-
tion to base stations. The main parameters of the im-
plemented link are listed in Table 1., while the location 
and the outdoor radio unit can be seen in Fig. 1.

Table 1: Radio link parameters

Location Budapest
Path length d = 118 m
Frequency f = 57.725 GHz
Link polarization Vertical (V)
Typical TX output power +5 dBm
TX/RX antenna gain G = 34 dBi
BER=10-3 threshold -75 dBm
BER=10-6 threshold -73 dBm
Link capacity 4 x 2 Mbit/s

The radio indoor units have been installed at both ends 
of the link, providing a local management interface 
and ports for the 4x2 Mbit/s capacity. In our experi-
mental setup payload data was not transmitted, only 
the received signal strength was monitored in [dBm] 
and logged with a granularity of 1 sample/second via 
the scripting tool of the management interface.

Figure 1: MetroHopper link between two buildings.

The free space path loss (FSL) of the experimental link 
is [3, 10]:

� � � � � �� � � �� �dB dB GHz km

10 1092.4 20log 20logFSL f d� � � 	 (1)

Where f is the link frequency in [GHz] and d is the hop 
length in [km]. With the parameters of Table 1, FSL=109 
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dB. There is an additional attenuation due to the at-
mospheric gases, especially the effect of oxygen adds a 
further 1.1 dB [7, 11].

The typical (and nonadjustable) output power of the 
radio units is PTX = +5 dBm [8]. The link polarization is 
vertical. After the alignment of the outdoor units, with 
the device parameters listed in Table 1., during clear sky 
conditions the measured received signal power level is 
roughly -56 dBm at the receiver side. According to the 
MetroHopper radio User’s Manual [8], the minimum re-
quired RSL is -75 dBm (for BER = 10-3) resulting a 19 dB 
fade margin for the measurement setup. Considering 
the very short hop length, this fade margin is sufficient-
ly high to detect even the most intensive rain events in 
Budapest.

3 Processing of the received  
signal level data

For this study we processed the received power meas-
urements on the experimental link between 1st of Jan-
uary to 28th of February 2023, when the availability of 
the data was 93%. This period was noticeably rainy in 
Hungary and the temperature was always above 0°C, 
therefore all precipitation was in liquid form. In Fig. 2. 
the time series of measured received power is depicted 
for January 2023: 

Figure 2: Received power time series for January 2023 
(with one second resolution).

ITU-R P.838-3 [6] gives the relationship between spe-

cific attenuation Rγ  and rain intensity R as:

 � � � � � �
H/V

dB km dB/km

R H/V
A d d k R��� � � � � 		 (2)

where d is the length of the radio link in [km], R is the 
rain rate in [mm/h]. Constants k and α are frequency 

and polarization dependent values according to ITU-R 
P.838-3 [6]. In the case of our vertically (V) polarized ex-
perimental 58 GHz link, these constants are kV=0.8129 
and αV=0.7552.

When we apply the inverse form of the equation (2) 
given in ITU-R P.838-3, the momentary value of rain in-
tensity Ri can be expressed as:

 
� �

10log

mm/h
10

iA
d k

iR �

� �
� ��� �

�
				    (3)

where Ai is the ith value of the path attenuation time 
series in [dB], and d is the link length in [km] as in Eq. 
(2). We note that because of the very short link, the ef-
fective path length and the actual path length can be 
considered equal in our case.

Please note, that the momentary value of Ri is calculat-
ed from a high-resolution data collection. Even though 
according to Eq. (2)-(3), the unit of Ri is given in [mm/h], 
Ri represents values obtained from very frequent meas-

urements of 1 sample/second *
iR  as discussed in part 

4. When hourly rain volume is required, the *
iR  sam-

ple/second values can be converted to mm/h values as:

 � � � �
3600

mm/h mm/h*

1

1

3600
i i

i

R R
�

� � 			   (4)

Path attenuation cannot be directly measured; it is the 
difference between the clear sky level and the momen-
tary measured received signal power RSLi in [dBm]. As 
the simplest solution, the clear sky level can be deter-
mined as the median of the received power during a 
precipitation-free day. In equation (2) the attenuation, 
and indirectly the clear sky level appears in the expo-
nent of the equation, thus the resulting rain intensity 
value is very sensitive to this parameter. However, even 
a daily clear sky level may slightly vary due to the tem-
perature variation of the air or the outdoor radio units, 
or due to the changes in the air humidity or the con-
centration of the atmospheric gases. This may intro-
duce an uncertainty to the process.

In order to get a calibrated result, concurrent measure-
ment data of a weather station was applied, especially 
the total amount of rain for one month. This weather 
station is part of the MetNet network [12], collect-
ing several meteorological data such as temperature, 
humidity, heat index, dew point, wind direction and 
speed, air pressure and rain intensity. The distance be-
tween the weather station and our radio link is only 
763 m, therefore it can be expected that there is no sig-
nificant difference between the total monthly amount 
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of rain at the two different locations. The calibration 
method for January 2023 was as it follows:
1.	 select one clear sky day and determine the me-

dian of the received signal level (8th January):
	 RSLm=-56.3 dBm
2.	 transform received power time series to attenua-

tion time series with Ai= RSLm-RSLi [dB]
3.	 calculate the time series of rain intensity Ri with 

equation (3)
4.	 determine the total amount of rain Rtotal in [mm/

month] during the whole month as:
31 24 3600

*

total

1

mm 1 mm

month 3600 h
i

i

R R
� �

�

� � � ��� � � �� � � �
� 	 (5)

5.	 get the total amount of rain for January from the 
MetNet data (RM=102.9 mm/month)

6.	 modify the value of median RSLm and repeat the 
process from step 2 until RM = Rtotal (in mm that has 
fallen during the entire month).

Applying the process described above, a calibrated 
time series of rain intensity can be determined for the 
whole month, as it can be seen in Fig. 3. The upper plot 
shows the rain intensity time series as resulted with 
the simple median value. The lower plot presents the 
rain intensity after calibration. Using the above recur-
sive steps 2-6, the original median clear sky received 
power level for January was modified from -56.3 dBm 
to -60.65 dBm, resulting an identical value that was re-
corded by the MetNet station. Due to the stability of 
the radio connection and the meteorological station’s 
equipment, it is enough to perform the calibration 
once, and it can also be applied correctly in case of fur-
ther measurements.

4 Detecting rain attenuation with high 
resolution

In sections 2 and 3, we demonstrated that a short dis-
tance millimeter wavelength radio link can be utilized 
to sense the momentary rain intensity by measuring 
the received signal level and convert it to rain intensity 
time series. A supporting calibration process ensures 
the validity of the transformed rain intensity data. The 
most important advantage of the method is that the 
sampling rate of the resultant rain intensity time series 
is identical to the sampling rate of the RSL over the ra-
dio link. Actually, this is 1 sample/sec, therefore the fast 
changes in the rain intensity can be also detected, con-
trarily to the conventional sensors, that usually smooth 
the high peaks due to their integrating behaviour.

Fig. 4. depicts a typical rain event in January 2023 with 
a duration of approximately 5 minutes. In the center of 
the rainfall event a fast increase of the rain intensity is 
observable, having a duration of only 15 seconds.

Figure 4: Single rain event with high instantaneous 
peak intensity. Measured on 13th of January 2023.

Another similar effect can be observed in Fig. 5., de-
tected on 20th of February 2023 with a length of 50 
seconds An extreme peak of the rain intensity is ob-
servable with only 5 seconds duration, when the rain 
intensity increased almost two times higher than in the 
surrounding periods.

5 Discussion of high-resolution detection

There could be several application areas of this kind of 
rain intensity sensing. In case of adaptive control of the 
modulation and coding over terrestrial or satellite com-
munication links [13] high resolution and fast informa-
tion about the momentary rain intensity may support 
the adaptive algorithm and higher throughput can be 
achieved. In case of a diversity systems, when several 

Figure 3: Time series of rain intensity for January 2023, 
calculated with simple median (top) and by using the 
calibration method (bottom).

A. Farkasvölgyi et al.; Informacije Midem, Vol. 54, No. 3(2024), 167 – 175
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radio stations are operated at multiple geographical 
locations, the perfect knowledge about the local rain 
rate changes may be very advantageous. Similarly, if 
diversity radio and free space optical links are concur-
rently operated over the same path, the fast-switching 
control of the two different media may increase the 
channel capacity and maintain the overall link avail-
ability. Applying legacy, constant bit rate mmW radios 
in the 58 GHz band for the continuous rain intensity 
monitoring has some advantages. Firstly, the high at-
mospheric attenuation reduces the maximum radio 
hop lengths in Europe, typically below 1 km [3, 7, 9, 
15]. For the same reason, the probability of unwanted 
interference from other mmW transceivers is smaller. 
Secondly, the novel Gbit/s radios in E-band (80 GHz) 
switch adaptively when signal to noise ratio degrades 
due to precipitation or interference [3, 14]. Continuous 
switching between modulation modes would result in 
less accurate rain intensity measurement as different 
transmit power and received signal thresholds apply to 
different symbol rates [3, 7, 15]. Finally, in several coun-
tries, the V-band is either unlicenced or the frequency 
fees are moderate due to the high atmospheric losses 
around 58-60 GHz [7, 9]. Therefore, 58 GHz links can op-
erate as a continuous backup for FSO links to provide 
guaranteed bit rates in foggy days when FSO capacity 
is reduced [27].

6 Impact of high-intensity precipitation 
on FSO communication links

Planning a new terrestrial wireless connection, the cur-
rent environmental challenges caused by meteorologi-
cal events of recent years must be taken into account. 
Some few years ago, intense rainfall was not a problem 
in this region of Central Europe. A decade ago, the out-
age probability of RF links due to rain were orders of 

magnitude less frequent than in recent years. This is 
why we must reconsider the effects of intense rain. 
Based on own long-term experience and measure-
ments, the impact of short-term, very intense precipita-
tion event which greatly deteriorates the availability of 
the connection becomes an increasingly serious prob-
lem. This point is confirmed by measurements from 
other research centers [16, 17]. The long-term statistics 
used previously do not include the effects of very short 
and very intense precipitation events. It is not enough 
to plan the terrestrial connections based only on av-
erage values of rainfall rate. Intensive precipitation 
events must be monitored and compensated rapidly 
and adaptively. For this monitoring and compensation 
method, the instantaneous rainfall rate is required at 
very short intervals. To measure rapid precipitation 
events, the measurement of rainfall-rates averaged 
over minutes or hours is unfortunately not sufficient. 
The rainfall intensity determination method, presented 
in part 3 is suitable for a quick determination of the in-
stantaneous rain intensity, by which the outage prob-
ability of the connection can be reduced, and such the 
reliability improved. Note, that even though the aver-
age rainfall intensity has negligible influence on the 
FSO connections, the intense precipitation significantly 
decreases the availability of the connection. Therefore, 
because of the recent climate changes in our environ-
ment, we should manage this new influence and deal 
with the effect of intense rain on the FSO link. Compen-
sating the effect of intense precipitation on FSO links is 
less demanding than on RF hops. This is because rain 
affects FSO much less than RF links, which is validated 
by our calculations. In the FSO connection, the outage 
probability of fade does not alter if the transmitted sig-
nal is pre-compensated at the transmitter. The simplest 
method to manage this process is to reduce the data 
rate to a suitable level since the instantaneous data rate 
is proportional to the allocated bandwidth. Based on 
our calculation, the connection will not be interrupted 
by heavy rain if the applied data rate does not exceed 
100 Mbps.

7 Calculation of FSO connection 
outage probability in case of heavy rain

7.1 FSO channel model

The required minimum received power of the FSO link 
depends on the sensitivity of the optical detector, the 
allocated bandwidth, and the signal-to-noise ratio. Ac-
cordingly, the minimum required received power can 
be determined, see in [18], by equation (6).

req
   P NEP BW SNR� � � 			   (6)

Figure 5: Single rain event with short duration peak in-
tensity. Detected on 20th of February 2023.
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where, NEP is photodetector noise equivalent power, 
BW is the applied bandwidth, and SNR is the minimum 
required signal-to-noise ratio, provided at the receiver. 
The required minimum signal-to-noise ratio depends 
on the type of modulation and the demanded bit error 
probability.

The effect of rain on the FSO link, i.e. the fading phe-
nomenon on the propagating optical signal, can be 
demonstrated by outage probability. The magnitude 
of the received optical power varies depending on the 
intensity of the rainfall. In addition to increasing the to-
tal attenuation of an optical link, based on the recom-
mendation of Kumar et. al, in [19], it can be taken into 
account that the structure parameter of the turbulent 
medium increases as a result of the rain. Our calculation 
is based on the modified Hufnagel-Valley (H-V) model 
(see in detail in [20]), which can be used adequately in 
heavy rain.

The fading margin of the optical connection can be 
determined by the ratio of the long-term average of 
the maximum signal power received in clear-sky, rain-
free weather conditions and the required minimum re-
ceived optical power. The amount of the fading margin  
is given by equation (7).

			   (7)

where  � � � �� �
rain

dBm dBm

FSO rec avg FSO rec
0mm/h

 
R

P P�
�

� E  is the average 
of the maximum received signal power. Therefore, the 
fading margin (FM) was calculated as the difference be-
tween  � �dBm

FSO rec avg
P �  and  � �dBm

FSO req
P .

The fading margin must be always greater than the 
highest level of rain attenuation, � �� �dB

FSO rain
FM max A� , 

where  � �dB

rain
A  is the rain attenuation based on [21]. Ac-

cordingly, the value of the instantaneous received sig-
nal power above the threshold can be determined by 
the fading margin of the system and the instantaneous 
value of the attenuation caused by the rainy turbu-
lent medium. The level of the average received power 
above the threshold value can be specified by equation 
(8).

� � � � � � � �dB dBm dBm dB

p FSO rec inst. FSO req rain
Δ  –  P P A�� � 		  (8)

Note, that several options can be used to compensate 
for the effect of heavy rain. To effectively compensate, 
the current rain intensity and its short-term estimated 
value must be known. To compensate for the negative 
effect of rain, a closed-loop control system is required, 
which can pre-compensate the radiated optical signal 
according to the rainfall rate. Among several mitigation 
techniques, the most efficient is the accurate selection 

of bandwidth. Accordingly, using a lower data rate re-
sults in bandwidth efficiency, a smaller allocated band-
width. Our paper does not deal with the strongly de-
structive effect of fog, which can only be compensated 
with hybrid FSO-RF systems [22, 29].

7.2 FSO outage probability due to fade

The probability of FSO link outage was calculated by 
the cumulative distribution function F(γ) of the signal-
to-noise ratio (γaν opt) measured at the receiver. It is de-
fined as:

	 (9)

and approximated by lognormal distribution as:

2

I T
out FSO 

I

0.5  Φ
0.5 1 erf

2
P �

�

� �� ��
� �� �� �� �� �� �� �

	               (10)

In Equation (10) 
 

opt avg
T

opt th

Φ ln
�
�
� �
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� �

 is the SNR of average 

and the threshold;  � �2

I Rain R�  is the normalized irradi-
ance variance, the ‘scintillation index’. The variance of 
the received signal level can be determined based on 
the modified structure parameter, which can be esti-
mated based on the frequently used H-V model and 
with the Kumar’s addition [19]:
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          (11)

In equation (11) v is the wind speed, in [m/h], h is the 
altitude above sea level, in [m], A is the structure pa-
rameter at sea level, 

 
� �2

n
0 mC h �  in , and R is 

the rainfall rate in [mm/h]. The variance of the received 
signal is given by equation (12) as: 
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where,  2

R�  is the Rytov variance.
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8 Results of the impact of rain on FSO 
link

Our calculated result is depicted in Fig. 6. We confirm 
that the optical link can be significantly impacted by 
short-term heavy rainfall events that have occurred 
frequently in the last few years. It can be seen that the 
effect of heavy rains (up to roughly 100 mm/h) can only 
be compensated by optimally reduced data rate. Based 
on Fig. 6, it is concluded that FSO links longer than 2 
km are more exposed to interruptions caused by rain, 
as seen in [23, 24].

Figure 6: Outage probability of FSO link as a function 
of link distance L, and rainfall rate Rrain, with fade margin 
of MFSO = 25 dB.

Nevertheless, we recommend avoiding long distance 
terrestrial optical links in Central Europe, where rain 
rates can exceed 50 mm/h and in short periods even 
may reach 100 mm/h [25]. 

Figure 7: Meshed wireless RF/FSO network with fiber-
optical backbone for 5G and future 6G access.

On the other hand, this restriction does not introduce 
a strict limitation for actual 5G and future beyond 5G 
anyhaul links. These access networks will use a mesh of 

fiber-optical, RF (microwave and mmW) and FSO links 
[26-31]. As shown in Fig. 7, the longer connections are 
fiber-optical or microwave links [7, 28, 30]. FSO and 
mmW links are mainly used for the dense urban con-
nections that are typically shorter than 2 km [3, 7, 15, 
29, 31].

9 Conclusions

In our paper, the deterioration of terrestrial communica-
tion links as a result of increasingly frequent heavy rain-
fall events in recent years has been discussed in detail. 
Precise and adequately frequent measurement of in-
stantaneous rain intensity is becoming more important 
from both scientific and economic point of view. In our 
article, an indirect rain intensity measurement method 
is presented, based on the received signal level fluctua-
tion of the radio receiver used in a millimeter wave link. 
To determine the rain intensity, we used a short-range 
experimental radio hop operating in at 58 GHz. Based 
on the received signal level data of the mmW connec-
tion, the instantaneous rain intensity was determined. 
The applied computation process has been presented: 
first, the attenuation time series must be calculated in 
a calibrated mode, then the rain intensity data can be 
generated based on the attenuation time series. It was 
shown that the new method is suitable for the detec-
tion of rapid, instantaneous changes in rain intensity 
due to the high sampling rate. Among the many appli-
cation possibilities of our results, we present a relevant 
type of adaptive communication, the effect of intense 
rain on FSO connections. It was shown that the increas-
ingly frequent high-intensity precipitation events can 
significantly deteriorate the free-space optical connec-
tions. The quality of the optical connection is shown by 
determining the probability of fade. We recommended 
a basic planning guideline to avoid the harmful ef-
fects of very intensive rainfalls in Central European 
areas. Finally, some few words on our future topic: the 
5G and 6G networks in the future will be mixed mesh 
networks. As a result, mm-wave links will enmesh our 
environment. Therefore, the high-precision rain meas-
urement will be continuously available, by 5G and 6G 
stations installed on top of buildings. The end users will 
access the system via adaptive FSO/mm-wave links, 
thus ensuring optimized data connection. We plan to 
determine the availability of the system in the case of 
hybrid connections, adaptive FSO/mm-wave, by which 
the spectral efficiency of the system can be improved 
over a service territory.
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Abstract: Disposable electrochemical (EC) sensors are usually manufactured by screen printing and post-deposition temperature 
curing of the sensor’s components. However, complete removal of an organic vehicle requires curing at temperatures of a few 
hundred °C, which can lead to electrode-substrate incompatibilities and limit the choice of material. In this work, graphite thick-film 
electrodes without additives were deposited on polyimide substrates at room temperature using the aerosol-deposition method. 
The resulting thick films had good adhesion, a defect-free surface, a thickness of a few micrometers, a root-mean-square roughness of 
0.68 μm and sheet resistance of 27 Ω/sq. Scanning electron microscopy of the film surface revealed good particle compaction, while 
the X-ray diffraction analysis showed no peak broadening of the graphite thick films, which indicates a different deposition mechanism 
than that normally observed for ceramic powders. The EC properties of the graphite working electrodes were evaluated using cyclic 
voltammetry. The graphite films showed a low capacitive current of 0.114 mA, good reversibility of the redox process, a high EC active 
surface area of 1.44 cm2/cmgeo

2 and a standard heterogeneous electron-transfer-rate constant of 0.0019 cm·s–1. The aerosol-deposited 
graphite thick-film electrodes show potential for the EC detection of a broad range of chemicals.

Keywords: graphite electrode; electrochemical detection; aerosol deposition; room-temperature process; polyimide foil

Debele plasti grafita nanešene v aerosolu za 
elektrokemijske senzorje
Izvleček: Elektrokemijski (EK) senzorji za enkratno uporabo se običajno izdelujejo tako, da komponente senzorja natisnemo s 
sitotiskom ter jih nato temperaturno obdelamo. Za popolno odstranitev organskega nosilca je plasti potrebno segreti do nekaj sto °C, 
kar lahko privede do nezdružljivosti med elektrodo in podlago ter omeji izbiro materiala. V tej raziskavi smo z metodo nanosa plasti 
v aerosolu pri sobni temperaturi pripravili debeloplastne grafitne elektrode brez dodatkov na poliimidne podlage. Tako pripravljene 
debele plasti se dobro držijo podlage, imajo površino brez vidnih defektov, debelino nekaj mikrometrov, hrapavost 0.68 μm in plastno 
upornost 27 Ω/sq. Z vrstično elektronsko mikroskopijo smo na površini plasti opazili kompaktno strukturo delcev. Pri rentgenski 
difrakciji debelih plasti grafita ne zaznamo širitve vrhov, kar nakazuje, da je mehanizem nanašanja pri grafitu drugačen kot je običajno 
za keramični prah. EK lastnosti grafitnih delovnih elektrod smo analizirali s ciklično voltametrijo. Grafitne plasti izkazujejo nizek 
kapacitivni tok z vrednostjo 0.114 mA, dobro reverzibilnost redoks procesa, veliko EK aktivno površino z vrednostjo 1.44 cm2/cmgeo

2 in 
visok standardni koeficient heterogene reakcije z vrednostjo 0.0019 cm·s–1. Debeloplastne grafitne elektrode pripravljene z metodo 
nanosa plasti v aerosolu so primerne za EK detekcijo številnih kemikalij. 

Ključne besede: grafitna elektroda; elektrokemijska detekcija; metoda nanašanja plasti v aerosolu; priprava pri sobni temperaturi; 
poliimidna folija

* Corresponding Author’s e-mail: hana.ursic@ijs.si, danjela.kuscer@ijs.si

How to cite:
M. Šadl et al., “Aerosol-Deposition-Derived Graphite Thick Films for Electrochemical Sensors", Inf. Midem-J. Microelectron. Electron. Com-
pon. Mater., Vol. 54, No. 3(2024), pp. 177–186

1 Introduction

The amount of research on electrochemical (EC) sen-
sors is increasing owing to the requirement for the 

point-of-care and on-site detection of various com-
pounds such as pharmaceuticals, pesticides, toxins and 
heavy metals [1]–[8]. These are widely utilized in agri-
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culture and the food industries as well as in environ-
mental and biomedical applications. The applications 
for disposable EC sensors dictate many requirements: 
good selectivity and sensitivity for a broad range of EC 
active species, reproducibility of the results, miniature 
and portable systems, ease of use and cost-effective 
production with easy scale-up possibilities [8]–[11]. 

The EC sensors consist of three electrodes, i.e., the 
counter, reference and working electrode (WE). In 
disposable EC sensors the electrodes are integrated 
on selected substrates, commonly by screen print-
ing and the subsequent firing of the deposited layers 
at elevated temperatures. The WE is a key component 
and should have high electrical conductivity and a high 
specific surface area.

Screen printing is the most commonly used method 
for depositing films that are typically a few tens of μm 
thick. It is a mature, commercially available technology, 
which offers patterning of the structures with good re-
producibility on laboratory and industrial scales [11]–
[14].

Although the screen-printing method is widely adopt-
ed, there are some challenges that need to be consid-
ered. In printing techniques, the ink or paste consists of 
a solid material dispersed in an organic vehicle. To ob-
tain good functional properties of the thick film, the or-
ganic vehicle must be removed during the processing. 
To remove the organic vehicle and to densify the thick 
film, a temperature of a few hundred °C is needed [14], 
[15]. Due to the degradation of carbon in air, annealing 
at higher temperatures requires an inert atmosphere 
[16]. However, high-temperature curing can lead to 
electrode-substrate incompatibilities, which signifi-
cantly limit the choice of substrate materials. To avoid 
this shortcoming, the EC active materials should be de-
posited at low temperature and without additives.

The aerosol deposition (AD) method, sometimes 
known as powder aerosol deposition, enables the di-
rect deposition of functional materials in the form of 
micrometre-sized dry powders without the use of ad-
ditives [17]. The deposition mechanism is based on 
the impact of the particles, and the film’s consolida-
tion occurs at room temperature, due to the high ki-
netic energy of the sprayed particles [18]–[21]. AD is a 
room-temperature process that enables the integra-
tion of functional materials on low-melting point and 
flexible substrates [22]–[25]. As a result, AD offers good 
material compatibility. It is generally used for the depo-
sition of ceramic films, but metals can also be depos-
ited. However, research on metal deposition is still in 
its beginnings. So far, the following materials have been 
deposited using AD: Cu [26], [27], Ag [28], [29], Al [30], 
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[31], Fe [32] Fe-based amorphous alloys [33], (Bi,Sb)2Te3 
[34], [35], rare-earth magnets [36], [37] and graphite [38].

Carbon-based materials are commonly used as the WE 
in EC sensors. They are non-toxic, low-cost, have high 
electrical conductivity and allow the detection of vari-
ous compounds such as pharmaceuticals, pesticides, 
toxins and heavy metals [39]–[43].

In this study we processed a-few-μm-thick graphite 
films on a polyimide substrate by AD at room tem-
perature and without any post-deposition curing. The 
graphite thick films were structurally and microstruc-
turally characterized using contact profilometry, X-ray 
diffraction, atomic force microscopy and scanning 
electron microscopy. Their EC properties were investi-
gated by cyclic voltammetry. The purpose was to study 
the properties of graphite thick films prepared by a 
relatively new AD method and to assess the suitability 
of the aerosol-deposited thick films for use in EC ap-
plications.

2 Materials and methods

A commercially available graphite powder (graphite 
flake, 99.8  %, 043209, Alfa Aesar) was sieved through 
a mesh (with 80-μm openings) and vacuum dried at 
80  °C, before being aerosol deposited (AD) onto the 
substrate. A commercially available polyimide (PI) 
foil (Kapton HN, DuPont, DE, USA) with a thickness of 
125  μm was used as a substrate. The AD equipment 
was provided by InVerTech, Germany. A schematic of 
the AD setup is shown in [44]. During the AD the pro-
cess parameters (Table 1) were kept constant. After the 
film’s deposition the thick-film samples were cleaned 
by gently blowing them with air.

Table 1: Process parameters used during the AD.

Process parameter Value
Pressure in the deposition chamber 90 mbar
Pressure in aerosol chamber 0.6 mbar
Nozzle geometry (slit size) (0.5 ∙ 10) mm2

Carrier gas species N2

Gas flow rate 1 L·min−1

Distance between nozzle 
and substrate

5 mm

Sweep speed 5 mm·s−1

The particle size distribution of the initial graphite 
powder was determined in isopropanol using a light-
scattering laser granulometer (S3500, Microtrac, PA, 
USA). 
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The X-ray diffraction (XRD) analysis was performed 
with a benchtop X-ray diffractometer (MiniFlex 600-C, 
Rigaku, Japan) using Cu-Kα radiation. Diffraction pat-
terns were recorded in the Bragg–Brentano geom-
etry using a silicon strip detector (D/teX Ultra) in a 2θ 
range of 10°–60° with a step of 0.01° and 0.06 s/step. 
The software X’Pert HighScore Plus 3.0e (PANalytical, 
Almelo, The Netherlands) was used to analyse the XRD 
patterns and strip the Cu-Kα2 component.

The microstructures of the graphite powder and the 
surface of th graphite thick films were analysed using a 
field-emission scanning electron microscope (FE-SEM, 
JSM 7600F, Jeol, Japan), equipped with secondary elec-
tron and backscattered electron detectors. Before the 
analysis, the graphite powder was spread on the car-
bon tape.

The topography of the graphite thick films was ana-
lysed using contact stylus profilometry (DektakXT, 
Bruker, MA, USA) and atomic force microscopy (AFM, 
MFP-3D, Asylum Research, CA, USA). The thickness and 
root-mean-square surface roughness (Rq) of the thick 
films were evaluated from a line profile measured with 
a contact profilometer using the software Vision64 
(Bruker, MA, USA). The thickness was evaluated from 
the step height of the film after curvature removal us-
ing a quadratic polynomial. Rq was evaluated from the 
2-mm roughness profile (length of 2 mm) obtained af-
ter filtering the total profile using Gaussian regression 
(cut off 0.8 mm). In the AFM analysis a Si tip on a Si/Al 
cantilever with a diameter of ~7 nm (AC240TSR3, Asy-
lum Research, CA, USA) was used for scanning in AC to-
pography mode. The root-mean-square surface rough-
ness Rq

AFM was also evaluated from the AFM map scans 
(with dimensions 80 μm x 80 μm).

The sheet resistance (Rs) of the thick films was meas-
ured using the four-point probe technique, with the 
probes arranged equidistantly in a line. The Rs of the 
thick film was calculated from the measured voltage 
drop between the two inner probes and the current. A 
correction factor of 0.795 was used [45].

EC experiments were performed using a potentiostat-
galvanostat (Multi Autolab M 204, Methrom, The Neth-
erlands) controlled by Nova 2.1.5 software. A conven-
tional three-electrode cell configuration was used. The 
graphite thick films processed by AD were used as the 
WE, together with a conventional Ag/AgCl reference 
electrode and a platinum-sheet counter electrode 
(both from Methrom). The measurements were carried 
out in deaerated solutions at 25 °C. Cyclic voltammo-
grams were measured between –0.2  V and 0.6  V at a 
constant scan rate (ν) of 20, 50, 100, 200 and 500 mV·s–1. 
The measurements were performed in a 0.1-M phos-

phate buffer solution (PBS) used as an electrolyte and 
in a 0.005-M equimolar solution of Fe(CN)6

3-/4- (HCF) as 
a redox probe dissolved in the PBS. The voltammo-
grams measured at 100  mV·s–1 were characterized to 
determine the capacitive current (icap) in the PBS, the 
peak-to-peak separation (∆Epp) and the cathodic-to-
anodic peak current ratio (ipc/ipa) in HCF. From the meas-
urements at different scan rates, the electrochemically 
active surface area was determined from the slope of 
the linear dependence of the peak current as a function 
of the square root of the scan rate using the Randles-
Ševćik equation. It was normalised using the geomet-
ric surface area to obtain a real electrochemically active 
surface area (Aecsa) [9]. Cyclic voltammograms recorded 
at different scan rates were also used to determine a 
standard heterogeneous electron-transfer-rate con-
stant (k0) using the Nicholson method [46], in which the 
k0 of a quasi-reversible reaction is related to a dimen-
sionless kinetic parameter (Ψ), calculated as a function 
of ∆Epp at different scan rates. The electrodes were also 
used to determine operating potential window (OPW), 
which was assessed based on the qualitative inspec-
tion of a series of cyclic voltammograms, obtained by 
incrementally increasing or decreasing the vertex po-
tential of the sweep range in 0.05-V increments. The 
limits of the OPW are identified as the potential at 
which the current intensity was in the same range as 
the peak current of the redox probe.

The mechanical stability of the graphite thick films was 
additionally tested by immersing and rinsing them in 
organic solvents, i.e., methanol, ethanol and acetone.

3 Results

The graphite powder, which resulted in few-microme-
ter-thick films, was analysed using laser granulometry 
and SEM. The volumetric particle size distribution of 
the graphite powder measured by laser granulometry 
is shown in Figure 1(a). The distribution is monomod-
al with the particle size ranging between 1.6 μm and 
148 μm. The median (d50) particle size is 16.6 μm, rep-
resented by an orange vertical line. For the successful 
AD of ceramics, the typically reported particle size is 
between 0.2 μm and 2 μm [18]. Also for the AD of met-
als, the particle size window for a successful deposition 
is between 1 μm and 10 μm [30], [47]. However, in our 
case the AD of graphite powder was successful using 
much larger particles than typically used in AD. In the 
literature, there are not many reports that show a suc-
cessful AD using particles with d50 larger than 10 μm. 
These cases are limited to Nd-Fe-B magnets [37], MAX 
phase materials [48] and glass [49].
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The SEM micrographs, taken with a secondary-elec-
tron detector in Figure 1(b, c), reveal the morphology 
of the graphite powder. Figure 1(b) shows large, ag-
glomerated particles with round-shaped surfaces. The 
agglomerates exceed 40  μm in diameter (red dashed 

circle). The agglomeration is in agreement with the la-
ser granulometry data (Figure 1(a)). On the other hand, 
Figure 1(c) shows particles that have an irregular shape, 
including plate-like surfaces that indicate the easy 
cleavage of the graphite flake-type particles. The small-
est particles are of the order of 1 μm.

The AD of the graphite powder on a PI substrate was 
successful, resulting in good adhesion of the film to 
the substrate and defect-free appearance of the film’s 
surface, as seen in Figure 2(a). A line scan across the de-
posited film is shown in Figure 2(b) and reveals an even 
film thickness of 4.4 μm. The root-mean-square rough-
ness (Rq) reaches 0.68  μm, which is at least 3-times 
higher than reported for Al2O3 films and ceramic-metal 
(Al2O3-Al) multilayered thick films prepared by AD [18], 
[30]. A high surface roughness indicates a high specific 
surface area, which is advantageous in EC sensing ap-
plications. Note that after the AD the graphite film is 
still susceptible to abrasion. The sheet resistance (Rs) of 
27  Ω/sq confirmed sufficient conductivity of the film 
for the EC measurement. The resistance is comparable 
to that of screen-printed conductive carbon films [50].

Figure 2: (a) Photograph of the deposited graphite 
thick film on a PI substrate. The orange line represents 
the position of the line scan. (b) Line profile measured 
by contact profilometry.

The XRD patterns of the graphite powder and depos-
ited thick films are shown in Figure 3. Both powder and 
film contain a graphite phase (PDF 075-2078) [51], with 
the most prominent reflection (002) at 2θ of 26.5°. Note 
that the powder also contains a trace amount of some 
other graphite phase, which overlaps with the (002) re-
flection. After the deposition, the peak position of the 
graphite phase does not change and the peak width 
does not increase. This shows that there is no crystal-
lite size reduction and build-up of microstrain due to 
the impacting particles, which is typically observed in 
the deposition of ceramic thick films [23], [52]. The XRD 
pattern of the graphite film also contains additional 
peaks and an increased background level arising from 
the PI substrate.

Figure 1: Analysis of the graphite powder. (a) Volu-
metric particle size distribution (grey) and cumulative 
curves (blue) evaluated from the laser granulometry. 
The vertical orange line represents the median (d50) 
particle size. The d10, d50 and d90 are also displayed in the 
inset table. (b, c) SEM images taken with a secondary-
electron detector. The red dashed circle with diameter 
of 40 μm marks a large agglomerate, while the smallest 
particles, around 1 μm, are marked with yellow arrows.
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Figure 3: XRD patterns of the graphite powder (black), 
graphite thick film (blue) and blank PI substrate (or-
ange). (a) XRD patterns in 2θ range 10°–60°, (b) close-up 
view of the region of the most intense graphite peak.

The surface topography of the graphite thick films was 
analysed using AFM (Figure 4) and SEM (Figure 5). Fig-
ure 4(a, b, c) shows the AFM height, deflection and tap-
ping amplitude modes, respectively. The height image 
(Figure 4(a)) shows obvious craters, which contribute to 
the high Rq

AFM, reaching 0.48 μm. Both the AFM and SEM 
images reveal irregularly shaped particles. An interest-
ing observation is the straight features (yellow arrows 
in Figure 4 and Figure 5(b)) that resemble sharp-edged 
particles, which indicates the flake-like nature of the 
deposited graphite film. From the SEM surface view, 
good particle compaction can be observed. In particu-
lar, the SEM image taken with a backscattered-electron 
detector (Figure 5(b)) reveals no clear pores or voids 
between the deposited particles. The backscattered-
electron detector is very appropriate for evaluating the 
film’s homogeneity as it gives a high contrast between 
the compact and porous regions.

An EC analysis of the graphite thick-film WE was made 
by cyclic voltammetry (Figure  6). The voltammogram 
measured in the PBS shows a low background with 
an icap of 0.114  mA, determined as the difference be-
tween cathodic and anodic currents at 0.2 V. For the 
characterization of the voltammogram recorded in 
HCF, we determined the anodic (ipa) and cathodic peak 
currents (ipc), which were corrected with capacitive 
currents measured in the PBS at the same potentials. 
The currents observed in both the PBS and HCF are 
higher than those observed for commercially available, 
screen-printed electrodes [9], or screen-printed graph-
ite-based WEs [53], [54]. From the ipc/ipa ratio of 0.99, we 
can confirm the good reversibility of the redox process. 
From the anodic (Epa) and cathodic peak potentials (Epc), 
we determined an ∆Epp of 176 mV as the absolute dif-
ference between the two values, indicating that this re-
dox couple exhibits a quasi-reversible behaviour at the 
graphite electrode prepared by AD [54].

The EC response of the WE at different scan rates is 
shown in Figure 7(a). According to the Randles-Ševčik 

equation, the peak current is proportional to Aecsa, 
which can in turn be calculated from the slope of the 
linear relationship between ipc or ipa and square root 
of the scan rate, shown in Figure 7(b). The data shows 
good linearity for both peak currents, but slightly dif-
ferent slopes. Aecsa was calculated for both peaks, and 
their average value was 1.44 ± 0.06 cm2/cmgeo

2. This val-
ue is higher than the screen-printed graphite electrode 

Figure 4: AFM map scans of the surface of graphite 
thick films. (a) height, (b) deflection, and (c) tapping 
amplitude. Yellow arrows designate sharp edges of the 
flake-like particles.
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(0.79 cm2/cmgeo
2) [54]. The increase in Aecsa could be at-

tributed to the high surface roughness of the graphite 
thick films prepared by AD.

Since the ∆Epp of the quasi-reversible process changes 
with the scan rate, we used cyclic voltammograms 
measured at different scan rates to plot how a dimen-
sionless kinetic parameter Ψ varies with the inverse 
square root of the scan rate, as shown in Figure 7(c). 
A k0 of 1.9·10-3  cm·s–1 was then calculated from the 
slope by the Nicholson method at ν = 20–500 mV·s−1 
(∆Epp  =  122–354  mV). Although the ∆Epp at the high-
est scan rate used exceeds the range for which the Ni-
cholson method is valid, all points show good linearity. 
Compared to values reported by Trachioti et al. [54] for 
graphite screen-printed electrodes, we obtained simi-
lar k0 values. To determine in which potential range the 

Figure 5: The SEM images of the graphite thick film in 
surface view. The micrographs in (a) and (b) were taken 
with secondary-electron and backscattered-electron 
detector, respectively. Yellow arrows designate sharp 
edges of flake-like particles.

Figure 7: (a) Cyclic voltammograms of various scan 
rates of HCF for graphite thick-film WE, (b) plot of ca-
thodic and anodic peak currents of HCF as a function of 
the square root of the scan rate, (c) plot of Ψ vs. ν-1/2 for 
the reduction of HCF.
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Figure 6: Cyclic voltammograms at 100 mV·s–1 of PBS 
(dotted line) and HCF (full line) at graphite thick-film 
WE.
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electrode has a stable response, we also determined its 
OPW, which is from –0.9 V to 1.2 V. Electrode stability 
in the anodic direction makes it very suitable for the 
detection of phenolic compounds such as bisphenol A 
[6], dihydroxybenzene isomers such as hydroquinone, 
catechol and resorcinol [7], parabens [55], quinolone 
antibiotics [56], organohalides [57], as well as 4-nitro-
phenol and dopamine [58]. The graphite thick films 
were also mechanically stable and did not degrade or 
delaminate from the substrate when immersed in and 
rinsed with methanol, ethanol or acetone. Therefore, 
the films can also be used for the detection of analytes 
that require non-aqueous electrolytes. We can con-
clude that AD graphite thick films are applicable as 
working electrodes in EC sensors for the detection of 
various organic compounds. 

4 Conclusions

To avoid high temperatures in the fabrication of EC 
sensors, the AD method was used to process graphite 
thick films on PI substrates. The initial graphite powder 
consists of flake-type particles with an irregular shape 
that form large agglomerates. The powder particle size 
distribution shows a rather large d50 particle size of 
16.6 μm, which is rarely reported for the AD method. 
However, AD was successful and resulted in  ~4-μm-
thick films with a defect-free appearance and an Rq 
of 0.68  μm. The SEM revealed good particle compac-
tion of the film surface. The XRD patterns showed no 
reduction in the crystallite size and no increase in the 
microstrain after deposition. The graphite is therefore 
not subjected to the same deposition mechanism that 
is typical for ceramics. An EC analysis by cyclic voltam-
metry showed good reversibility of the redox process 
for graphite working electrodes with a large, real Aecsa 
of 1.44 cm2/cmgeo

2 and a k0 of 0.0019 cm s–1, compara-
ble to those reported for graphite in the literature. A 
reasonable OPW between –0.9 V and 1.2 V also enables 
their use as working electrodes for the EC detection of 
a broad range of chemicals.
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Abstract: As the demand for computational capabilities continues to grow, the design and optimization of arithmetic circuits have 
more crucial in modern digital systems. The efficient operations of these arithmetic circuits heavily depend on the performance 
of fundamental modules such as Full Adders (FA). In addition to addressing typical challenges, designing full adder circuits using 
alternative logic offers unique advantages that are vital for the developing landscape of digital system.  This paper presents two FAs 
based an alternative structures using modified Double Pass-Transistor Logic (DPL) for fast computing.  The proposed Multiplexer based 
alternative structure differs from other conventional structures by concurrently generating both the carry signal and the sum signal, 
significantly reducing the overall propagation time. In addition to that multiplexers are controlled by external signals, the proposed 
structures provide full swing outputs. Also the modified DPL improves the signal integrity and noise immunity. The proposed circuits’ 
performances were compared with other conventional logic and few hybrid adders. In comparison with other logics, various type 
of simulation results indicate that the proposed FA-2 exhibits improved performance in terms of average power, average delay, and 
average power-delay product (PDP). Our proposed FA-2 shows performance improvement over conventional CMOS for Power, Delay, 
and PDP, with values of 3.304%, 69.017%, and 74.602%, respectively. Full adders were simulated under different supply voltages and 
process corners to measure the reliability and robustness. Noise tolerances of full adder circuits were calculated using Average Noise 
Threshold Energy (ANTE) methodology. 

Keywords: Full Adder, Alternative Logic, Multiplexer, Double Pass Transistor, Low Power 

Celice CMOS z nizko porabo energije na osnovi 
alternativne logike za hitre aritmetične aplikacije
Izvleček: Ker povpraševanje po računskih zmogljivostih še naprej narašča, sta načrtovanje in optimizacija aritmetičnih vezij v sodobnih 
digitalnih sistemih vedno bolj pomembna. Učinkovito delovanje teh aritmetičnih vezij je močno odvisno od delovanja temeljnih 
modulov, kot so popolni seštevalniki (FA). Oblikovanje vezij polnih seštevalnikov z uporabo alternativne logike poleg reševanja tipičnih 
izzivov ponuja tudi edinstvene prednosti, ki so ključne za razvijajočo se okolje digitalnih sistemov.  V tem članku sta predstavljena dva 
FA, ki temeljita na alternativnih strukturah z uporabo modificirane logike dvojnega prehoda in tranzistorja (DPL) za hitro računanje. 
Predlagana alternativna struktura, ki temelji na multipleksorju, se od drugih običajnih struktur razlikuje po tem, da hkrati generira 
tako prenosni signal kot celotni signal, kar znatno skrajša skupni čas širjenja. Poleg tega multiplekserje nadzorujejo zunanji signali, 
predlagane strukture pa zagotavljajo polne nihajne izhode. Prav tako spremenjeni DPL izboljša celovitost signala in odpornost proti 
šumu. Delovanje predlaganih vezij smo primerjali z drugimi konvencionalnimi logičnimi in hibridnimi seštevalniki. V primerjavi z 
drugimi logikami rezultati kažejo, da predlagani FA-2 izkazuje izboljšano zmogljivost v smislu povprečne moči, povprečne zakasnitve 
in povprečnega produkta moči in zakasnitve (PDP). Naš predlagani FA-2 kaže izboljšanje zmogljivosti v primerjavi s konvencionalnim 
CMOS za moč, zakasnitev in PDP z vrednostmi 3,304 %, 69,017 % in 74,602 %. Popolni seštevalniki so bili simulirani pod različnimi 
napajalnimi napetostmi in procesnimi koti, da bi izmerili zanesljivost in robustnost. Šumne tolerance polnih seštevalnikov so bile 
izračunane z uporabo metodologije ANTE (Average Noise Threshold Energy).

Ključne besede: popolni seštevalnik; alternativna logika; multiplekser; dvojni prehodni tranzistor; nizka poraba energije
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1 Introduction

The widespread usage of portable battery-operated 
electronic devices has made the adoption of VLSI cir-
cuits more important [1]. Present electronic hardware 
is designed for high performance operation. Energy 
efficiency and operating speed are considered as the 
important parameters for portability of any system. The 
increasing semiconductor market for portable devices 
demands for low-power building components to en-
able long-lasting battery-powered systems. Further-
more, the trend towards increasing circuit complexity 
and operating frequencies in high-performance ap-
plications necessitates the designing of high-speed 
circuit components [2]. Power dissipation in conven-
tional CMOS (C-MOS) circuits is classified as Dynamic 
power dissipation (Pdynamic) and Static power dissipation 
(Pstatic). The main sources of power consumption are due 
to short circuit path, increased switching and various 
leakage currents.  Short circuit power (Pshort-dynamic) due 
to both p-channel and n-channel MOS transistors are 
active at the same time during transitions, Switching 
power Pswitch-dynamic is associated with charging/discharg-
ing at node/load capacitance and leakage power due 
reverse leakage current and sub-threshold currents. 
The total power dissipation (PTot) [3] can be expressed 
using equations 1 and 2.

PTot = Pshort-dynamic + Pswitch-dynamic + Pstatic			   (1)

PTot = IscVdd +  αCLVddVsfclk + IstaticVdd		                                    (2)

Among these, Pswitch-dynamic is treated as the major com-
ponent for PTot. In above equation 2, Isc indicates the 
short circuit current, CL is the node/load parasitic ca-
pacitance, α denotes average number of switchings 
that have occurred in particular time period, Vs is the 
voltage swing (typically equivalent to Vdd), fclk denotes 
clock frequency and Istatic is the static current. PDP met-
ric is always used to measure the energy expended in 
performing a specific action and serves as a vital per-
formance parameter while evaluating optimization 
for a circuit component designed, implemented and 
tested under varying technologies, wide range of op-
erating frequencies, and setups. Full adder cells are es-
sential components in digital system design to perform 
binary addition, which is fundamental for performing 
arithmetic operations and data processing in digital 
circuits.  Application Specific Integrated Circuits (ASIC), 
Microprocessors and DSP processors depends on ef-
ficient arithmetic cells for specific computations like 
convolution and advanced filtering [4]. Full Adder (FA) 
is widely used as one the main module to construct 
such arithmetic cells. Full Adder cell play a significant 
role in controlling the critical path of complicated arith-
metic operations including, division, multiplication ex-

ponentiation, and more [5]. Moreover, in various data 
processing applications such as digital signal process-
ing, cryptography, and data compression, full adder 
cells facilitate the computation and manipulation of 
binary data efficiently.

Despite their importance, full adder cells have several 
challenges in their design and implementation. Some 
of these challenges are achieving fast computation, 
minimizing power consumption, robustness for pro-
cess variations, better noise tolerance, and optimizing 
area utilization in integrated circuits.  So meeting these 
requirements are important for realizing the full adder 
cells to construct high-performance digital systems. 

The integrated circuits (ICs) performance is limited by 
the effectiveness of arithmetic processes within the 
cell. The choice of circuits for implementing adder cells 
depends on various performance metrics. Different 
ways of designing logic tend to focus on one aspect 
of performance but may neglect the other. The PDP of 
the FA cell impacts the complete system performance. 
Considering this, designing an energy efficient FA cell 
with minimal propagation delay has become crucial for 
modern digital systems [2]. 

Improving performance according to Moore’s law re-
quires more than just advancing fabrication technol-
ogy; it also involves focusing on other factors, particu-
larly implementing a suitable circuit design [6]. Various 
logic styles and techniques have been developed for 
arithmetic cells, which reduce the total cost and im-
proving the whole performance of ICs. Minimizing the 
Vdd is a prominent approach for decreasing power con-
sumption; however it results in slower circuit’s speed 
and reduces the driving capacity of circuits. Many static 
logic styles such as pass transistor logic (PTL) and C-
CMOS logic structures are play a vital role in construct-
ing the low power FA cells. The C-CMOS FA cell struc-
tures are more robust, and it facilitates transistor sizing 
which allows scaling of different voltages to guarantee 
the proper functionality [7]. 

Many investigations have been published on optimiz-
ing low-power and high speed full-adders. These pa-
pers explore various conventional logic styles, such as 
C-CMOS [8], CMOS Transmission Gate (CMOS TG) [9], 
Pseudo nMOS [10], PTL [11], Cascode Voltage Switch 
Logic (CVSL) [12], Complementary PTL (CPL) [13], Dif-
ferential Cascode Voltage Switch Logic (DCVL)[14], 
DCVL with the pass-gate tree (DCVSPG)[13], Double 
Pass transistor logic style (DPL) [15], Swing-Restored 
PTL (SRPL) [16], Swing-Restored CPL (SR-CPL)[17], Ener-
gy Economized PTL (EEPL) [18], and as well as different 
logic structures for building the adder module.



189

In recent days, researchers focus on the hybrid design 
approach that incorporates features from multiple 
logic styles. Yingtao et al. [19] introduced a 12-transis-
tor low power hybrid FA cell using MUX logic and it is 
capable of reduced switching activity, charge recycling 
capability along with reduced short circuit power con-
sumption. Pankaj et al. [20] proposed a novel FA cell by 
modifying the internal logic structure and this circuit is 
significantly reducing the PDP.

Naseri et al [21] introduced 6 low power hybrid FA 
cells by altering the EXOR/EXNOR logic gate stricture 
for high-speed applications. The novel structures over-
come the drawbacks of conventional logic by removing 
the inverter logic in the critical path. Also it replacing 
the positive feedback at the output terminal. Mehedi 
et al. [22] proposed a hybrid Full Adder for full voltage 
swing using a scalable XOR-XNOR block designed for 
large word-length architectures. They highlighted that 
many FA cells performing well as 1-bit adder but ex-
tending them for wide word length is more difficult. Jy-
oti et al. [23] recommended a high-speed 20-transistor 
hybrid FA (HFA) structure using three distinct elements 
for arithmetic applications. 

Sharmila et al. [24] proposed a novel FA cell based on re-
versible logic. They conveyed that proposed FA cell more 
useful in designing the current-mode logic circuits. Au-
thors highlighted that information retention and inverse 
computation are feasible in reversible logic. So that in 
recent years’ researchers prefers reversible logic for low-
power VLSI circuit design. Azeem et. al [25] introduced 
a high performance 14-T HFA using PTL and GDI logic 
for arithmetic applications. They pointed out that hybrid 
styles are most preferable for implementing FA cell in 
recent years. Rahimi et. al [26] introduced a high perfor-
mance 9-Transistors Full Adder cell based on pseudo dy-
namic logic for low power arithmetic applications. Since 
the circuit has reduced number of internal nodes which 
are connected with ground, it is more energy efficient 
than C-CMOS, CMOS TG, PTL and DPL.

The objective of this research is to combine the ben-
efits of multiple logic designs to construct the hybrid 
FA cell. The proposed hybrid methods can leverage the 
strengths of each logic design technique while miti-
gating their respective limitations. This integration can 
improve the FA cell’s performance in terms of speed, 
power efficiency, and noise tolerance compare to other 
conventional structures.

2 Full adder using alternative logic

The alternative style full adder cell gives a different ap-
proach compared to the conventional full adder cir-

cuits. This alternative logic structure employs a unique 
internal logic using the multiplexers. The Boolean func-
tions BA+ , BA. , BA⊕  and BA⊕ are selected from the 
two distinct multiplexers to produce the output sig-
nals. Such designs are aims to achieve the delay bal-
ance between the Sum and Carry signals. Furthermore, 
PTL are the powerless/groundless logic structures 
and they are used to build power efficient full adder 
cell using alternative logic. The focus on optimizing 
power consumption and reducing propagation delays 
discriminates this alternative full adder logic cell. This 
differentiation makes it a potential improvement over 
other conventional designs for building low-power 
arithmetic circuits

Aguirre [27] proposed an Alternate Full Adder cell us-
ing Multiplexer for High Speed Application is illustrat-
ed in Figure 1. This structure comprises of three distinct 
modules. The Block 1 generates the logic output of

BA+ , BA. , BA⊕  and BA⊕  simultaneously. So it ap-
parently lessens the propagation delay of Carry signal 
present in the conventional full adder logic. Block 2 
and Block 3 are the two independent 2X1 multiplex-
ers evaluate the Sum(S0) and Carry(C0) from the out-
puts obtained from Block 1. Unlike Conventional Full 
Adder circuit, the alternative full adder cell evaluates 
the Sum(S0) and Carry(C0) outputs with relatively equal 
propagation delay.

(a)

(b)

Figure 1: (a&b) : Full Adder Structure using Multiplexer 
based Alternative Logic

Referring to the FA functionality from the Table 1, we 
can observe that Sum (S0) signal is chosen from logic 
values BA⊕ and BA⊕  with the help of third input Ci. 
When Ci=0, multiplexer-1 will chose BA⊕  logic value 
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and Ci=1, multiplexer-1 will chose BA⊕  logic value for 
Sum (S0). 

Table 1: 1-bit Full adder circuit logic table

Inputs Block 1 Outputs Outputs

A B Ci A XOR B A XNOR B A.B A+B Block 2 
Sum (S0)

Block 3 
Carry (C0)

0 0 0 0 1 0 0 0 0
0 0 1 0 1 0 0 1 0
0 1 0 1 0 0 1 1 0
0 1 1 1 0 0 1 0 1
1 0 0 1 0 0 1 1 0
1 0 1 1 0 0 1 0 1
1 1 0 0 1 1 1 0 1
1 1 1 0 1 1 1 1 1

Similarly, the multiplexer-2 chose one of the output 
from A.B or A+B logic for the Carry(C0) based on the 
third input Ci. In both Sum (S0) and Carry(C0) generation 
cases, third input Ci will be act as control signal for the 
multiplexers 1 & 2. Selecting the sum and carry from 
Multiplexer simultaneously will significantly reduce 
the overall propagation delay. So alternative full adder 
structures are widely used to construct the high speed 
datapath circuits. The alternative logic configuration 
has the following features.
-	 The signals internally generated are not utilized 

to control the output of the multiplexer. Alterna-
tively, the third input signal ‘Ci’ controls the mux 
output and produces maximum voltage swing 
without any additional delay. This apparently 
lessens the total propagation delay of the FA cir-
cuit.

-	 In submicron fabrication technologies, diffusion 
capacitances of source/drain terminals act as an 
important role. In alternative logic, Ci is connected 
only with few transistors Gate terminal and it is 
not connected with any of the source/drain of the 
transistors. This configuration significantly reduc-
es the load capacitance of the Ci input. Therefore 
critical path propagation time for Ci is minimized. 
So large module’s overall propagation delay can  
be reduced.

-	 The outputs signal’s (S0 and C0) propagation de-
lay could be varied by adjusting size of the logic 
gates (XOR/XNOR and AND/OR) separately pre-
sent in the Block 1. This characteristic is beneficial 
in scenarios where the skew between incoming 
signals is critical, such as in wave pipelining. Ad-
ditionally, it helps to maintain propagation delay 
balancing at the output port. It reduces the risk of 
glitches in cascaded structures.

3 Hybrid full adders using modified 
DPL

As the technology moving into sub-micron level, many 
novel circuit styles and structures were introduced re-
cently to overcome the limitations of the C-CMOS log-
ics. PTL is a fundamental digital circuit style, depends 
on MOS transistors as pass gates to implement logical 
functions. PTL circuits are designed by either NMOS 
or PMOS transistor. This difference from the C-CMOS 
design, which uses both NMOS and PMOS transis-
tors, makes PTL simpler and potentially better. But the 
choice is typically based on the technology process 
and optimization goals. Usually the PTL circuits are 
constructed by connecting the pass gates to obtain 
complex logic functions. Multiplexers, demultiplexers, 
flip-flops, and other digital circuit’s modules can be 
implemented using pass transistor configurations. PTL 
has gained attraction due to its low power consump-
tion, and ability to operate at high speeds. 

Even though PTL circuits are simpler than other con-
ventional styles, it is also have some challenges in im-
plementation. Signal degradation due to the resistance 
introduced by the pass switches is recognized as one 
of the main issue faced by PTL. As signals pass through 
multiple stages of pass gates, the total resistance can 
lead to a significant reduction in signal levels. Thresh-
old drop is another concern present in the PTL circuits. 
The voltage drop caused the each pass transistor can 
influence change in the logical threshold levels. While 
the voltage drop isn’t a big problem in nMOS logic, it 
can cause issues in CMOS by making both p and n tran-
sistors conduct simultaneously. This incident seriously 
affects the circuit’s noise margin and overall reliability. 
Always pairing the nMOS transistor with a pMOS is a 
complex solution to achieve the necessary full swing 
in output voltage. Figure 2 depicts the EX-OR gate 

Figure 2: EX-OR Logic Gate implementation using PTL
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( BA� ) implementation through NMOS 
pass transistor logic. Figure 3 depicts the Threshold 
drop at the output terminal of the PTL gate.

Figure 3: Threshold drop at output of the pass-transis-
tor gate

The introduction of new CMOS logic families, such as 
CPL and DPL using pass-transistor circuits, aimed to im-
prove both speed and power efficiency. Employing CPL 
in Digital circuit design not only resulted in an efficient 
implementation but also fast logic operation due to 
higher logic functionality and lower input capacitance. 
However, lower supply voltage CPL implementation, it 
is essential to consider the challenges posed by speed 
degradation and noise margin.  These issues are aris-
ing due to discrepancy between logic threshold volt-
age and fluctuation of input signal levels caused by 
process variations. Also, CPL facing the threshold volt-
age drop problem while the signal passing via series of 
pass-transistors and its voltage was lessened by one VT 
(threshold voltage drop). In the modern CPL versions, 
the “threshold drop” issue is addressed by using a spe-
cial inverter that could restore the signal amplitude to 
its maximum potential. Since the signal restoration in 
CPL is not depending on the load present at the output 
port, signal restoration is done quickly during the sig-
nal transition with less amount of power. 

DPL is another modified CPL style designed to fulfill 
the drawbacks of CPL in reduced supply voltage con-
figurations. DPL was initially developed to address the 
‘threshold drop’ issues in CPL and provide an alterna-
tive style to PTL. It is implemented with dual-stage ar-
chitecture, using both NMOS and PMOS transistors in 
parallel for each pass gate, effectively eliminating the 
‘threshold drop.’ Therefore, there is no need for level-
restoring inverters after each logic block, improves 
speed of DPL.  As mentioned previously, DPL gates im-
prove the overall circuit performance at lower supply 
voltages by employing the both nMOS and PMOS tran-
sistors. Due to the symmetrical structure of DPL, load 
at the input side is equally distributed between all the 

inputs. The XOR/XNOR gates designed by DPL exhibits 
perfect symmetry. With the help of dual transmission 
property and symmetrical arrangement, the DPL works 
effectively in wave pipelined circuits [28]. In DPL, dual 
current path is created due to the structure of the par-
allelly connected NMOS transistors and PMOS transis-
tors for each input signal’s combinations and produces 
very small equivalent resistance compared with other 
conventional logic structures.

As reported by Uming Ko et al. [29], DPL was the highly 
energy-efficient logic methodology compared to other 
discussed logics. DPL can more effectively tackle chal-
lenges such as signal degradation and threshold drop, 
resulting in improved signal integrity and driving ca-
pability. DPL is well-suited for applications requiring 
improved signal integrity, minimal signal degradation, 
and better driving capability. Its dual-stage architec-
ture makes it advantageous for high-speed digital cir-
cuits, memory cells, arithmetic units, and other scenar-
ios where noise margins are more critical. Though DPL 
has many advantages, it is facing certain drawbacks 
such as Complexity and Area Overhead due to dual-
stage architecture. Figure 4 depicts the AND and NAND 
Logic Gates using DPL. In this paper, we proposed two 
FA cells built using alternative structure by DPL to en-
hance noise margins, increase the operating speed and 
decrease power dissipation.

Figure 4: AND and NAND Logic Gates using DPL

Figure 5 shows the Proposed Full Adder 1 based on alter-
native logic using DPL. The Full Adder circuit is realized 
through the Alternative logic structure using DPL. In 

this structure, BA⊕  and BA⊕  were obtained through 
two DPL circuits. For example, BA�  
and . / . 'A B A B′  is obtained through both NMOS and 
PMOS which ensures Good Logic 1/0 is delivered 
through the pass switch. Similarly, all the sum of prod-

uct terms for BA⊕  and BA⊕  were obtained in the 
first stage through both NMOS and PMOS transistor to 

get the better voltage swing. Since BA⊕  and BA⊕  
were generated in parallel, there is negligible delay dif-

ference between them. Unlike CPL, BA⊕  and BA⊕  
operate at full swing levels, and there is no need for 

swing restoration logic at the BA⊕  and BA⊕  nodes.  
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The subsequent stage is the two parallel 2x1 multiplex-
ers obtained through alternative logic. Sum and Carry 
of the FA circuit is generated by those multiplexers with 
almost equal propagation delay.

Figure 5: Proposed alternative logic based Full Adder 
1 using DPL

In the Sum structure the multiplexer is controlled by 
the third input C which is not an internally generated 
signal. So that it can produce full voltage swing output 
at the Sum terminal with less propagation delay. At the 
same time, the Carry signal is produced by second multi-

plexer where either BA⊕  and BA⊕  will act as control 

signal to select the input. Since BA⊕  and BA⊕  
are internally generated by the circuits, the Carry signal 
has slightly smaller voltage swing than Sum signal with 
small amount of additional delay. The second proposed 
circuit will overcome this issue by not using the inter-
nally generated signals for controlling the multiplexers.

Figure 6 shows the Proposed Hybrid Full Adder 2 based 
on alternative logic using DPL based on alternative log-
ic using DPL. In the first stage, logical values BA⊕  and 

BA⊕  are obtained using DPL and like similar way  and  
Figure 6: Proposed Hybrid Full Adder 2 based on alter-
native logic using DPL
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obtained through modified DPL. Similar to proposed 
FA 1, the second proposed adder also generates all the 
sum of product terms in parallel with full voltage swing.

Since BA⊕ , BA⊕ , BA +  and BA. outputs obtained 
in parallel manner, there is no significant propagation 
delay difference among them. Also, they are generated 
the through DPL, signal restoration is not required. In 
the BA.  and BA + network, we have included two ad-
ditional NMOS/PMOS transistors in which connections 
of their source terminals with either ground/Vdd supply 
to enable quick discharging/charging of the node. The 
second stage is the two parallel multiplexers similar 
to proposed FA 1. But here the Sum and Carry multi-
plexers are controlled by third input signal rather than 
internally generated signal. So the Sum and Carry out-
put will be at full voltage swing without any additional 
delay.

4 Simulation environment, results and 
discussions

Figure 7: Proposed FA Cell 1 schematic design

Figure 7 and Figure 8 show the proposed full adders 
schematics designed in cadence virtuoso schematic 
editor. Figure 9 and Figure 10 depict the transient analy-
sis waveforms of the proposed Full Adders obtained by 
using Analog Design Environment L tool. Figure 11 and 
Figure 12 show the layouts obtained through Cadence 
Layout XL tool for the proposed Full Adder Cells. Table 2 
illustrates the comparison results of Min and Max delay, 
Average delay, Power, PDP, transistor count and area re-
quirement for each FA cell using several conventional 
and novel full adder styles discussed in our literature 
namelyC-CMOS [8], CMOS TG [9], Pseudo nMOS [10], 
PTL [11], , CVSL [12], CPL [13], DCVL [14], DCVSPG [13], , 
DPL [15], SRPL [16], SR-CPL [17], EEPL [18], Naseri (HFA-
22T ) [21], Mehedi [22], Jyoti [23], Sharmila [24], Azeem 
[25], Rahimi [26], Proposed Logic 1 and Proposed Logic 
2. Since proposed full adders are designed using DPL 

and they ensure the full voltage swing output in all the 
conditions. In the proposed full adder 1 carry signal is 
produced by internally generated signals, the voltage 
swing for carry is little lower than the carry signal pro-
duced by proposed full adder 2. Additional inclusion 

of transistors in the BA⊕ , BA⊕ , A+B and A.B logic 
modules significantly reduces the switching time by 
quickly charge/discharge the internal nodes. The fast 
switchings make the proposed circuits better suited 
for constructing arithmetic circuits and DSP processors 
etc. for real-time applications. 

Figure 9: Proposed FA 1 Transient Analysis waveform

Figure 8: Proposed Full Adder 2 schematic design

S. S. Subramanian et al.; Informacije Midem, Vol. 54, No. 3(2024), 187 – 200



194

From the Table 2, we observed that average delay of 
proposed logic 2 is 165.81ps and it is smaller than all 
other logics. Rahimi [26] and Mehedi [22] full adder cells 
average delay are 172.62ps and 173.37ps respectively. 
In power dissipation part, EEPL consumes 323.05µW 
power and it is the lower than all other logics. Our pro-
posed logic 2 and Naseri (HFA-22T ) [21] consumes av-
erage power of 350.82µW and 355.94 µW respectively. 
While considering the PDP, proposed full adder 2 has 
0.0582pJ and followed by Mehedi [22] and Rahimi [26]. 

Figure 10: Proposed FA 2 Transient Analysis waveform

From previous literatures we observed that, mux based 
alternative structures and DPL significantly reduces the 
propagation delay. Also DPL consumes lesser power 
compared to other conventional logic, due to reduced 
switching activity. Observed results from Table 2 shows 
that our proposed logics based on Multiplexer and DPL 
significantly reduces the power and propagation delay. 

Figure 11: Proposed Full Adder 1 Layout

Table 2: Comparison of simulation results of various FA cells in 45nm technology

S. 
No. Name of the FA Cell

Delay (ps) Avg.
Power 
(µW)

Avg. 
PDP 
(pJ)

Transistors
Count

Area 
(µm2)Avg. 

Delay
Maximum 

Delay
Minimum 

Delay 
1 Conventional CMOS 280.25 341.35 227.99 362.41 0.1016 28 18.85
2 CMOS TG 321.09 410.38 268.16 394.36 0.1266 16 11.63
3 Pseudo nMOS 332.95 434.29 307.86 476.27 0.1586 18 13.54
4 12-Transistor 289.55 366.38 245.22 395.62 0.1146 12 8.08
5 PTL 256.09 319.58 225.00 412.27 0.1056 16 11.17
6 CPL 294.97 381.92 249.80 408.56 0.1205 32 20.25
7 SR-PL 271.71 334.36 223.80 372.03 0.1011 28 18.86
8 SR-CPL 244.772 280.92 186.98 338.79 0.0829 26 16.33
9 DPL 198.00 264.68 174.18 378.23 0.0749 48 30.63
10 CVSL 245.10 315.24 216.51 395.07 0.0968 27 17.70
11 DCVL 228.28 296.29 197.42 380.48 0.0869 30 20.46
12 DCVSPG 214.85 276.04 178.97 366.96 0.0788 28 18.71
13 EEPL 352.12 448.03 292.12 323.05 0.1138 32 20.81
14 Naseri (HFA-22T ) [21] 188.69 237.92 159.35 355.94 0.0672 22 14.32
15 Mehedi [22] 173.37 220.14 144.25 369.623 0.0641 22 13.68
16 Jyoti [23] 199.68 249.22 166.18 365.67 0.0730 20 13.85
17 Sharmila [24] 221.65 280.32 186.80 399.12 0.0885 27 17.57
18 Azeem [25] 208.15 258.34 173.33 396.05 0.0824 14 9.04
19 Rahimi [26] 172.62 216.91 144.63 373.49 0.0645 9 5.59
20 Proposed Logic 1 176.51 217.04 145.38 384.39 0.0678 22 14.04
21 Proposed Logic 2 165.81 204.00 136.56 350.82 0.0582 30 20.19
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The lower PDP of the proposed full adder 2 more useful 
in constructing the energy efficient high speed circuits 
for portable devices. Figure 14 and Figure 15 show the 
graphical comparison of Average value of Delay, Power 
and PDP for the various full adder cells.

Figure 12: Proposed Full Adder 2 Layout

Figure 13: Average Delay Comparison of Various FA 
cells

Figure 14: Average Power Comparison of Various FA 
cells

Table 3: Proposed FA 2 performance improvements with other logics

Sl. No. Name of the FA Cell
% of Improvement for Proposed Logic 2

Avg. Delay Avg. Power Avg. PDP Area

1 Conventional CMOS 69.017 3.304 74.602 -6.667
2 CMOS TG 93.644 12.410 117.677 -42.381
3 Pseudo nMOS 100.797 35.760 172.602 -32.929
4 12-Transistor 74.626 12.769 96.924 -59.964
5 PTL 54.445 17.517 81.500 -44.667
6 CPL 77.891 16.459 107.171 0.286
7 SR-PL 63.866 6.045 73.771 -6.583
8 SR-CPL 47.620 -3.430 42.556 -19.137
9 DPL 19.414 7.812 28.742 51.714
10 CVSL 47.820 12.615 66.467 -12.330
11 DCVL 37.671 8.455 49.312 1.339
12 DCVSPG 29.571 4.601 35.532 -7.333
13 EEPL 112.363 -7.916 95.553 3.048
14 Naseri (HFA-22T ) [21] 13.797 1.459 15.456 -29.089
15 Mehedi [22] 4.555 5.360 10.159 -32.232
16 Jyoti [23] 20.426 4.234 25.525 -31.429
17 Sharmila [24] 33.674 13.767 52.076 -12.973
18 Azeem [25] 25.532 12.892 41.715 -55.208
19 Rahimi [26] 4.106 6.463 10.834 -72.298
20 Proposed Logic 1 6.453 9.569 16.640 -30.464
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Figure 15: Average PDP Comparison of Various FA cells

Table 3 shows the proposed full adder cells perfor-
mance improvement in various parameters. Since pro-
posed full adder 2 is constructed with 30 transistors, 
the area requirement is significantly more than other 
logics. While comparing with other parameters, the 
proposed FA cell 2 is superior to other logics. The full 
adder cells efficiency and robustness can be analysed 
by varying the bias voltage (VDD). To perform this, bias 
voltage is adjusted from 1.8V to 0.8V with 45nm CMOS 
technology and transient outputs were analysed. 

Other than Pseudo nMOS, 12-Transistor and PTL, all the 
full adders are producing correct output in this range. 
Pseudo nMOS producing correct output up to 1V and 
12-Transistor and PTL are producing correct output up 
to 0.9V. Our proposed full adders 1 and 2 are producing 
the output without any signal degradation upto 0.9V 
supply voltage and small degradation present in the 
0.8V supply voltage. 

In this paper, we analysed average value of power, 
delay and PDP of all the FA cells by varying the sup-
ply voltage. Figure 16 illustrates the FA Cells simulation 
results for different VDD levels. From the figures, we can 
understand that as the VDD decreases, the propagation 
delay increases, and power dissipation decreases. How-
ever, the PDP value initially decreases, and after reach-
ing the voltage level of 1.2 to 1.1, it begins to increase. 

Experimental observations showed that proposed full 
adder 2 along with Mehedi [22] and Rahimi [26] full ad-
ders PDP values are almost equal for the VDD ranging 
from 1.0V to 1.3 V which makes these full adders suita-
ble for operating at wide range of power supply values. 
Also it is observed that lessening VDD causes the drop in 
power consumption and rise in propagation delay. The 
PDP value is decreased while reducing supply voltage 
(VDD) up to 1.1 V to 1.0V range and then it is begins to 
increase.

In the field of IC design, the attention to process cor-
ners holds significant importance as it allows designers 
to assess the reliability and robustness of the designed 
circuits under diverse manufacturing conditions. By In-
vestigating various Process Corners will help to identify 
the key challenges associated with vital performance 
parameters such as Speed, Power Consumption, and 
etc. This analysis assures that the proposed design 
meets required specifications under the influence of 
different operating conditions. Nominal - Nominal (NN) 
or Typical - Typical (TT), Slow – Slow (SS), Fast - Slow 
(FS), Slow - Fast (SF) and Fast - Fast (FF) are the process 
corners present to analyse the circuits. In Cadence ADE, 
various Process Corners were chosen, and simulations 
were carried out to determine the Average Delay, Pow-
er, and Power-Delay Product.  These simulations were 

Figure 16: FA Cells simulation results for different VDD 
levels

(a) Delay

(b) Power

(c) PDP
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performed to determine the circuit’s feasibility under 
various environments. Figure 17 depicts the perfor-
mance of FA cells for different process corners. In the 
FF process corner setup, all the FA cells operate with 
minimal delay and consume more power. Alternatively, 
in the SS process corner setup, FA cells operate with in-
creased propagation delay and lower power.  Proposed 
Full adder 2 achieved lowest PDP of 0.0321pJ and 
0.0582pJ in FF and TT corners. Naseri (HFA-22T ) [21] 
achieved minimum PDP 0.051129pJ in FS process cor-
ner. Mehedi [22] full adder achieved 0.0621pJ in SF pro-
cess corner. Rahimi [26] full adder achieved 0.0815pJ in 
SS process corner.

Noise tolerance is an imperative property for any inte-
grated circuits to ensure reliable operation, maintain 

signal integrity, and prevent performance degradation 
due to various external factors. Designing any ICs with 
strong noise tolerance is the key factor to the overall 
success and correct functionality of electronic devices. 
Noise tolerance parameter will help to evaluate the 
ability of digital circuits to withstand to the influences 
of the noise signal. Both CPL and DPL offer better noise 
immunity compared to other logics. Differential opera-
tions due to Complementary pairs of Pass Transistors 
present in the CPL provide inherent noise immunity. 
DPL further improves the noise immunity by double 
passing of signals. This means that signals pass through 
the gates twice (i.e same logic implemented by two dif-
ferent logic gates), effectively amplifying the signal and 
minimizing the impact of noise.

Noise pulses with high amplitude and significantly 
large width in ICs may create unwanted switching, 
potentially causing the circuit to malfunction. In this 
article, Katopis [30] Noise Immunity Curve (NIC) was 
obtained to evaluate the noise tolerance of different 
Full adder circuits in response to noise input. A logical 
error will occur at the locus point (Tn, Vn) for the gate, 
where Tn represents the noise pulse duration and Vn 
represents the noise pulse’s amplitude.

Average Noise Threshold Energy (ANTE) metric [31] is 
the quantitative value of noise tolerance and it is com-
puted from the NIC.

(a)

(b)

Figure 18: (a) NIC for various FA Cells (b) ANTE for vari-
ous FA CellsFigure 17: Various Process Corners vs Delay, Power and 

PDP

(c) PDP

(b) Power

(a) Delay
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Figure 18 shows that NIC plot and ANTE for full adder 
circuits discussed in this paper. The higher ANTE value 
represents that the circuit has better Noise immunity. 
The proposed full adder 2 and full adder 1 have the 
ANTE value of 87.72 and 82.32. As we discussed earlier, 
the our DPL based logics have better noise immunity 
than other logics.

Figure 19: 8 bit Parallel Adder using proposed full ad-
der 2

The functionality verification of our proposed full ad-
der 2 for higher order bits is done by designing a 8-bit 
parallel adder (Ripple Carry Adder). Figure 19 shows 
that the 8-bit parallel adder implementation using ca-
dence virtuoso schematic editor. The 8-RCA has aver-
age delay, power and PDP of 1485.68ps, 3690.618µW 
and 0.589613pJ.

5 Conclusion

In this paper, two novel full adder structures based 
alternative logic using double pass transistor have 
been proposed. The alternative logic is implemented 
by separate XOR/XNOR structure to increase speed of 
the circuit. Our proposed Full Adder cells performances 
are compared with 19 various conventional adders in-
cluding C-CMOS, CMOS TG, PTL and recently report-
ed hybrid full adders. The various simulations were 
performed by Cadence EDA tools with 45nm CMOS 
technology.  The proposed FA Cell 2 has minimum of  
10.16% improvement with respect to PDP value. The 
average delay of the proposed full adder 2 is minimal 
than all other logics and the average power of the pro-
posed full adder 2 is superior to that of all other logics, 
except for EEPL. All the FA cells were simulated under 
different supply voltage ranges from 0.8V to 1.5V  and 
our proposed full adders performed well in those con-
ditions. Simulations were conducted in various process 
corners and our proposed full adder 2 shows highest 
performance with respect to PDP in NN and FF process 
corners. In other process corners, both the full adders 
have lower PDP value than most of the logics. The noise 

immunity of circuits is measured using NIC and ANTE 
and our proposed full adder 2 has highest ANTE value. 
Also both the full adders are less susceptible to noise 
when simulated by a noise pulse width 150ps and be-
low. Our proposed designs offer practical insights into 
improve the circuit performance in developing the 
modern electronic systems. Also they pave the way 
for the realizing faster and energy-efficient comput-
ing structures in various domains such as digital signal 
processing, communication systems, and embedded 
computing. Additionally, the robust performance of 
our FA cell across different supply voltages and process 
corners ensures their suitability for diverse applications 
in both high-performance computing and low-power 
embedded systems. Further investigation can be done 
by exploring various optimization techniques to im-
prove the performance and efficiency of the proposed 
full adders. Also, investigating full adder cells compat-
ibility for emerging semiconductor technologies, such 
as advanced CMOS nodes or alternative materials, may 
provide the insights for future computing systems.
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Abstract: Multiple-Input Multiple Output Orthogonal Frequency Division Multiplexing (MIMO-OFDM), which could provide a large 
number of antennas, is one among the key technologies of 5G. For recovering the transmitted symbols at the receiver, a key role is played 
by the Channel Estimation (CE) in MIMO-OFDM. But it is indisputable recently. Hence, a novel method for 5G MIMO-OFDM CE using 
Cauchy Evading Golden Tortoise Adaptive-Bi Directional-Long Short-Term Memory (CEGTA-Bi-LSTM) is proposed. Primarily, input like 
text, video, and audio are given for the encoding process at the transmitter; in addition, it is encoded using the Gaussian Distribution-
Low Density Parity Check (GD-LDPC) algorithm. Then, by employing Combined Bits-Quadrature Phase Shift Keying (CB-QPSK), the signal 
is modulated. Next, the output is inputted into the pulse shaping, which is conducted by deploying Truncated Linear-Raised Cosine 
Filter (TL-RCF). The pulse-shaped signal is fed into the pilot insertion phase where the reference signal is inserted. Afterward, the signal is 
inputted into the Entropy-Inverse Fast Fourier Transform (E-IFFT) phase. Next, the output from the E-IFFT passes through the channel with 
AWGN noise; also, it is given to the receiver phase in which the reverse process of the transmitter occurs. Then, from the receiver output, 
the channel is estimated. The proposed CEGTA-Bi-LSTM is implemented using MATLAB simulation. The experimental results show that, 
the proposed method decrease the Mean Squared Error (MSE) by 0.7%, 1.6%, 2.6% lower than Bi-directional Long Short-Term Memory (Bi-
LSTM), Long Short-Term Memory (LSTM), Least Squares (LS), and Minimum Mean Square Error (MMSE) respectively.

Keywords: MIMO-OFDM; 5G; Channel Estimation; transmitter

Nova optimizacijska metoda izogibanja zlati želvi 
za oceno MIMO OFDM 5G kanala
Izvleček: Več vhodni in več izhodni ortogonalni frekvenčni multiplekser (MIMO-OFDM), ki lahko zagotovi veliko število anten, je ena 
od ključnih tehnologij 5G. Za obnovitev poslanih simbolov v sprejemniku ima pri MIMO-OFDM ključno vlogo ocenjevanje kanala (CE). 
Predlagana je nova metoda za 5G MIMO-OFDM CE z uporabo izogibanja zlati želvi (CEGTA-Bi-LSTM). Vhodni podatki, kot so besedilo, 
video in zvok, so v prvi vrsti dani za postopek kodiranja na oddajniku; poleg tega se kodirajo z algoritmom Gaussian Distribution-Low 
Density Parity Check (GD-LDPC). Nato se signal modulira z uporabo kombiniranega bitno-kvadraturnega faznega premikanja ključev 
(CB-QPSK). Izhodni signal se vnese v oblikovanje impulzov, ki se izvede z uporabo skrajšanega linearnega dvignjenega kosinusnega filtra 
(TL-RCF). Impulzno oblikovani signal se vodi v fazo vstavljanja pilotnega signala, v katero se vstavi referenčni signal. Po entropijski obratni 
Fourierova transformaciji (E-IFFT), preide signal skozi kanal s šumom AWGN; prav tako se posreduje v fazo sprejemnika, v kateri se izvede 
obraten postopek kot pri oddajniku. Nato se na podlagi izhoda sprejemnika oceni kanal. Eksperimentalni rezultati kažejo, da predlagana 
metoda zmanjša srednjo kvadratno napako (MSE) za 0,7 %, 1,6 % in 2,6 % v primerjavi z dvosmernim dolgotrajnim spominom (Bi-LSTM), 
dolgotrajnim spominom (LSTM), najmanjšo kvadratno napako (LS) in najmanjšo srednjo kvadratno napako (MMSE).

Ključne besede: MIMO-OFDM; 5G; ocenjevanje kanala; oddajnik
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1 Introduction

An antenna technology, which includes a huge number 
of antennas at the Base Station (BS), for serving various 
User Terminals (UTs) is termed a MIMO [1]. Users can be 
served by MIMO in the same time-frequency resources; 
hence, (A) spectrum efficiency, (B) energy efficiency, (C) 
spatial resolution, along with (D) network coverage can 
be enhanced. For the 5G and future wireless communi-
cation networks, it is considered as an optimistic tech-
nique owing to its merits [2]. High Spectral Efficiency 
(SE), high data rate, and low latency are encompassed 
in5G networks; in addition, they could connect more 
different devices, make businesses and industries more 
efficient and give consumers access to more informa-
tion faster than ever before [3]. Besides, Wireless net-
work suffers from certain challenges, namely frequen-
cy-selective fading, and dispersion. Dynamic tolerance 
of fading and dispersion is the key reason behind 
OFDM [4, 5]. In next-generation wireless communica-
tion systems, for tackling the ever-growing demands 
for higher SE, fusing massive MIMO with OFDM is a so-
lution [6]. CE is required to obtain the signal transmis-
sion exactly in MIMO-OFDM. In wireless systems, CE is 
a challenging problem owing to the noise effect and 
time-varying of wireless channels [7]. Thus, the ‘2’ CE 
methodologies like pilot tone-centric CE approach and 
blind or semi-blind CE are wielded to deal with this [8]. 
For acquiring the minimal mean square error, the pilot 
sequence and tones were optimized in the pilot tone 
estimation system; in addition, the system’s estimation 
accuracy is liable to noise along with inter-carrier inter-
ference [9]. In the target cell, data of different users are 
sequentially detected by the blind or Semi-blind esti-
mator along with formulates a constrained minimiza-
tion issue for each user [10]. Some of the conventional 
approaches based on neural networks are fairly com-
plex; also, require a large number of parameters to be 
trained with large datasets in DL [11]. Moreover, a lot 
of computational resources are required by a few ma-
chines learning-based algorithms. For estimating the 
relevant channel state, these approaches are not per-
fect. Thus, this paper proposes a new method for 5g 
MIMO-OFDM CE using the CEGTA-Bi-LSTM framework. 

1.1 Problem statement

For solving the problem of CE, prevailing research 
methodologies have many ideas but still improve-
ments are needed. Existing research methodologies 
have some drawbacks, which are described as follows,
-	 Least Squares (LS) estimation has comparatively 

higher estimation error owing to its low cost de-
void of any prior statistical information concern-
ing the channel, although it is hugely deployed 
for acquiring channel estimates.

-	 During ISI mitigation, the cyclic prefix’s usage to 
avoid Inter Symbol Interference (ISI) introduces a 
loss in the SNR of the received signal.

-	 Most of the baseline CE techniques use QAM for 
signal modulation. However, the disadvantages 
of such a technique are that it is more prehensile 
to noise. Due to this QAM, the receiver is more dif-
ficult compared to receivers of other modulations 
for the process of secure transmission.

-	 CE models used in existing frameworks require 
prior knowledge of channel statistics. This makes 
the optimal channel predictor highly complex.

1.2 Objectives

In the existing CE model, the aforementioned loopholes 
can be overcome by proposing a novel method for 5G 
MIMO-OFDM CE using the CEGTA-Bi-LSTM framework. 
The research objectives of the proposed framework are 
listed as follows,
-	 For secure transmission between multipath chan-

nels, a GD-LDPC encoding model is introduced to 
encode the input.

-	 To propose a CB-QPSK modulation method for re-
ducing the SER.

-	 A TL-RCF is utilized to alleviate ISI and prevents 
information loss.

-	 To model a novel DL-based CE technique by con-
sidering statistical channel properties with low 
estimation error using CEGTA-Bi-LSTM.

The remaining part is arranged as: the related works to 
the proposed methodology are elucidated in section 2; 
the proposed research methodology is delineated as in 
section 3; the experimental perusal is exhibited in sec-
tion 4; the paper is winded up with the future work in 
section 5. 

2 Related work

In 2021, Mashhadi & Gunduz, [12] recommended a 
neural network (NN)-centric joint pilot design and 
downlink CE system for Frequency Division Duplex 
(FDD) MIMO-OFDM systems. For frequency-aware pi-
lot design, fully connected layers were deployed.  By 
assigning pilots across subcarriers non-uniformly, the 
pilot overhead was effectively minimized. Channel sta-
tistics were required by the deployed CE. It made the 
presented method highly complicated.

In 2019, Kansal et al., [13] presented an innovative solu-
tion, which fuses OFDMA technologies with multi-user 
massive MIMO technology. Source encoding, channel 
encoding, interleaving, and modulation were included 
here. The highest SE was offered by the technique. 
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When weighed against the Fast Fourier Transform 
(FFT), this system grounded on the fractional Fourier 
transform (FRFT) provides lower SNR of 8–13 dB.

In 2019, Mehrabi et al., [14] developed a fresh DL-cen-
tric Decision-Directed-CE (DD-CE) for tracking fading 
channels and detecting data for longer packets even 
in fast vehicular environments and studied DD-CE sys-
tems. This technique profited from an easy receiver de-
sign, which didn’t depend on the fading channel’s pre-
cise statistical model. The requirement for Doppler rate 
estimation was removed by the system’s ability, which 
was challenging for highly dynamic vehicular environ-
ments.

In 2022, et al., [15] recommended a fresh sort of pilot 
sequences with diverse modulation orders to enhance 
spectrum efficiency. In MIMO-OFDM systems, the de-
veloped variable pilot-assisted CE was espoused with 
lower along with higher-order modulations. As per the 
simulation outcomes, for MIMO-OFDM systems’ BER 
performance, this technique had 1–2 dB SNR gains. 
This system’s CE was verified just in a single field; thus, 
unreliable CE might be offered. 

In 2021, Cheng et al., [16] presented a combined time-
variant Carrier Frequency Offset (CFO) along with fre-
quency-selective channel response estimation for MI-
MO-OFDM for mobile users. The MIMO-OFDM’s signal 
model was presented; in addition, as per the maximal 
likelihood criterion, the joint estimator was derived. 
When analogized to the grid search-centric technique, 
this system had lower computational complexity. How-
ever, it was deployed at higher mobile speeds. 

In 2020, Mata & Boonsrimuang, 2020 [17] developed 
an effectual CE technique for a massive MIMO–OFDM 
system. The discrete Fourier transform estimator (DFE), 
which appraised the MIMO channels accurately, was 
deployed.  It had elevated estimation accuracy along 
with superior BER with lower-complexity MIMO data 
detection. A lower transmission data rate of 32.5 Mbps 
was acquired. 

In 2020, SURIAVEL RAO & Malathi, [18] explored a cyclic 
prefix-centric estimation system for carrier frequency 
offset, which was estimated in fusion with an actual 
evolutionary Cuckoo Search technique centered on the 
received carrier phase angle together with cyclic prefix 
information for efficient optimization. As per the out-
comes, noise estimation along with compensation was 
enhanced.  But, for facilitating the system’s self-learn-
ing ability, this system had complex computations. 

In 2021, Gao et al., [19] constructed an uplink trans-
mission scheme in crowded linked cell-free massive 

MIMO-OFDM with fewer orthogonal pilots. For detect-
ing active User Equipment (UEs), pilot phase shift hop-
ping patterns were wielded for the pilot transmission. 
In median and 95%-likely performance, the minimal SE 
was enhanced among active UEs. But it was not reli-
able since it was apt just for crowded cell-free massive 
MIMO-OFDM systems.

In 2021, Riadi et al., [20] developed a least squares CE 
(LSCE) in the Uplink transmission for Massive MIMO in 
5G wireless communications merged with Orthogonal 
Frequency Division Multiplexing together with higher-
order M-ary  quadrature amplitude modulation  (M-
QAM) modulation. As per the simulation outcomes, the 
MMSE along with Zero-Forcing (ZF) detectors’ perfor-
mance was just less than 1 dB. Several antennas were 
deployed; thus, various RF modules were caused. 

In 2022, Jothi & Chandrasekar, [21] introduced a MIMO-
OFDM multimedia model with very low power con-
sumption, which offered superior energy-efficacy. For 
delivering augmented QoS, the MIMO methodology 
was fused into an OFDM for multimedia wireless com-
munication. The system’s superiority lies in the 40% 
augmentation of processing time along with the 94% 
enhancement in energy efficiency at 25W in the 35th 
iteration. This system was not feasible since the system 
acquired low outcomes. 

3 Proposed channel estimation using 
CEGTA-BI-LSTM in 5G

Owing to the DL’s better potential, it has been em-
ployed for CE. Nevertheless, it is indisputable that the 
foundation of the overall network-level performance is 

Figure 1: Proposed architecture for the channel esti-
mation in 5G.
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set by the processing employed in the physical layer. 
Hence, this paper proposes a new technique of MIMO-
OFDM CE using CEGTA-Bi-LSTM in 5G wireless com-
munication. In Figure 1, the proposed methodology’s 
block diagram is depicted.

3.1 Transmitter

Here, the input file is given as input. Next, in the trans-
mission process, the encoding, rate matching, modula-
tion, Pulse shaping, Pilot insertion, and E-IFFT conver-
sion occurs.

3.1.1 Input
Primarily, the input files from public resources are in-
putted into the proposed structure. It is equated as, 

� �1 2 3
, , ,........., , 1, 2,3,........,b aor a b� � � � � �� � 	 (1)

Here, the total number of inputs is signified as aζ and 
the input file with b number of inputs is depicted as a.

3.1.2 Encoding

The input ( )aζ is given as a matrix form to the encod-
ing phase. Here, by employing the GD-LDPC, the inputs 
are encoded. For transmitting the data securely, encod-
ing is deployed. A large message block is divided into 
several code blocks with a length of the code block in 
the LDPC model. Zeros will be padded at the end of the 
message if the last block is less than the length. This 
makes the sparsity matrix more complex. Thus, the GD 
function, which calculates the distribution between 
each input message bit and appends 0’s and 1’s based 
on the distribution function, is deployed to overcome 
this drawback. Thus, the complexity of obtaining a 
sparse matrix is minimized; in addition, makes the 
encoding more reliable. Primarily, let the parity check 

matrix of input ( )aζ be ( )ψ . The parity matrix ( )ψ  is 
equated as, 

 1 0 1 1 0

1 1 0 0 1

0 1 1 0 1

1 0 0 1 0

�

� �
� �
� �
� ��
� �
� �
� �� �

� � � � �
			   (2)

The Gaussian distribution (GD) for the parity matrix ( )I  
is equated as,

 � �
2

1
exp

2

m

sD� �

� �
��

� �� �
� � �

� �
I 	  		  (3)

2
2 sD ��� 	  				    (4)

Here, the normalization constant is depicted as D, the 
mean is signified as μm, and the variance is delineated 

as σs. From the GD parity matrix ( )I , the generator ma-

trix ( )ξ  is given by, 

 :� � �� 					     (5)

Here, the input vector is signified as υ, and the parity 
vector of the parity matrix is depicted as ω. Hence, the 
GD-LDPC block is equated as,

0
T� �� � 		   			   (6)

Here, the transpose of the parity check matrix is signi-

fied as Tψ . ϖ implies the output of the encoding phase 
using GD-LDPC. The pseudo-code for the proposed 
GD-LDPC is shown below.

PSEUDO CODE FOR GD-LDPC:	

Input: Input files ( )aζ

Output: Encoded bits ( )ϖ
Begin
Initialize input vector (υ), parity vector (ω), normaliza-
tion constant (D), and maximum iteration (Jmax0) 
	 Evaluate target
Set iteration 1J =

	 While ( )()≤ maxJ J do

	          Assume the parity check matrix ( )ψ
	        Generate GD for the parity check matrix,  
	         

	          Compute generator matrix

	          Evaluate GD-LDPC block, 0Tξ ψΘ =
	          Compute target

	          If ( )argt et reached≠ {

	      	    Set 1= +J J

	           } Else {
		     Terminate
	          } End if
End while

	 Return encoded bits ( )ϖ
End

( )
2

1 exp
2

m

sDυ ω

ψ µ
σ×

 − −
=  

 
I
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3.1.3 Rate Matching

In the process of encoding ( )ϖ , the completed bits 
are inputted into the rate-matching phase for the pro-
cess of extracting the exact set of bits to be transmit-
ted within a given transmission time interval. Here, by 
employing rate matching, the range of bits to be trans-
ferred is performed. The rate matching (Rm) is equated 
as,

� �1
. 4m CR R ��� � 				    (7)

Here, the code rate is depicted 1
CR− , the number of bits 

is signified as m, along with the encoded bits are delin-
eated as  ϖ .

3.1.4 Modulation 
Here, after rate matching, the exact set of bits (Rm) 
obtained is mapped with CB-QPSK by utilizing the 
modulation block. The message signals cannot be 
transmitted over long distances since they have a very 
low frequency. Hence, modulation is essential. QPSK 
has a higher information transmission rate over other 
modulation techniques regarding which the QPSK 
has less bandwidth. One complex symbol as two bi-
nary bits is signified as QPSK. Thus, the QPSK receiver 
is more complex. The separated bits at the bit splitter 
are combined to mitigate such complexity. Next, for 
generating a Quadrature phase shift component, those 
combined mapped bits are multiplied with the same 
carrier. Primarily, the signals (Rm (k)) concerning time (k) 
are equated as, 

 
� � � �2

cos 2 , 1,2,3,4....m x cR k k c� ��� � ��
�

   (8)

 � �2 1
4

c c �
� �� 				    (9)

Here, the energy per symbol is signified asφ , the angles 

of bits are depicted as c , the symbol duration is delin-

eated as , and the frequency of the carrier (x) is men-

tioned as xγ . Hence, the two-dimensional signals space 

with unit basis functions ( )1 kα and ( )2 kα are equated,

� � � �1

2
cos 2 ,0xk k k� ��� � � �
�

                     (10)

 
� � � �2

2
sin 2 ,0xk k k� ��� � � �
�

                     (11)

The combined bits (CB) ( )R  in QPSK in the factorial 
form are expressed as,

 

� �
!

! !

c
l c l

�
�

R 	  			                   (12)

 � � � � � � � �1 1 2 2c cl k k k k� � � �� � 	                (13)

 
1

cosc c� �� � 		   	                 (14)

 
2

sinc c� �� � 		   	                 (15)

Here, the combination of the QPSK signal is signified 

as l, the first signal is delineated as 1 cδ , and the second 

signal is depicted as 2cδ . Thus, signal-space 4 points are 
encompassed in the signal constellation, which is given 
by, 

 
,

2 2

� �� �
� �� �� �
� �

				                   (16)

Here, the total energy is equally split between the two 
carriers. Qp implies the modulated QPSK’s output. 

3.1.5 Pulse Shaping
The phase shifting output (Qp) is inputted into the pulse 
shaping phase, which is wielded to avoid Inter-Symbol-
Interference (ISI). TL-RCF technique is deployed. Pulse-
shaping filter employed for modelling the transmitted 
input suited for the communication channel by limit-
ing the bandwidth of transmission is termed the RCF. 
By limiting the bandwidth during transmission, the ISI 
caused by the channel could be kept in control. Timing 
jitter is caused since the RCF suffers from the problem 
of in-band ripple and out-of-band attenuation. By us-
ing a Truncated Linear (TL) function, the above-said 
downside can be surpassed to map the range between 

0 and 1. Primarily, by employing the TL function ( )()νℵ , 
the modulated output (Qp) is truncated, which is equat-
ed as, 

 
� � 1

min 1,max 0,
2

p
p

Q
Q�

�
� �

� �� ��� �� �� �� � �� �� �� �� �� �� �
    (17)

Here, the roll-off area in the frequency domain is signi-
fied asν . Next, a filter process is a performance by the 

truncated signal ( )( )pQνℵ where the Raised Cosine (RC) 

filter ( )( )r j℘ is given by,
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� �

0

02

0

0

1, 2

2
cos , 2

4

0,

r

for j N N

j N N
j for N N j N

N N
for j N

�

� � �
�

� �� ��� � � � �� � ��� ��
� �


(18)

Here, the frequency is signified as j, the minimum 
Nyquist bandwidth is depicted as N0, the transmission 
bandwidth depicted as N, surplus bandwidth is ex-
pounded as N - N0, from this, signal Raised Cosine falls 

above bandwidth N0  of the truncated signal ( )( )pQνℵ

.The time domain ( )( )r k℘  or impulse response of the 
RC filter is given by,

 

� � � �
2

0

0

cos 2
sin

2
1

r

kkk c
V k

V

��

�

� �
� �� �
� �� � � �
� �� �� � � � �� �� �� 


	                (19)

Here, the roll-of-factor is signified asη , and the bit in-
terval is depicted as V0.

3.1.6 Pilot Insertion

The filtered output ( )( )r k℘ is inputted into the pilot in-
sertion phase. Here, pilot signals, which are deployed 
as the reference signal for communication purposes, 
are inserted; in addition, it is utilized to avoid noise. The 
estimation of frequency response at the pilot position

( )is given by

 � �� � 1

r pik f
�

� �� 	  		                 (20)

Here, the received pilot vector is signified as fpi.

3.1.7 E-IFFT Conversion
Next, for transforming the input as of the frequency 

domain to the time domain, the input bit ( ) undergoes 
E-IFFT since it offers a simple way to modulate data 
onto orthogonal subcarriers. However, FFT is restricted 
to the range of input to be transformed. Thus, taper-
ing functions, namely the Entropy model is defined to 
compensate for spectral leakage. Hence, the input bit 
is evaluated in the entropy model, which is given by,

1 2

1 2

1 1
log log ........s sF

� � � �
� � �� � � �

� � � �
� �

� �
             (21)

Next, compute the entropy model with IFFT, (p(y)) 
which is given by,

� � � �1

0

W qy
Wq

p y F q S�

�
�� 		                 (22)

 2 iqy
qy W
WS e

�
� 				                   (23)

Here, the input signal with range (q) is depicted as F(q), 
the FFT length is signified as W, the periodicity factor is 

mentioned as qy
WS , and the number of outputs is deline-

ated as y.

3.1.8 Communication
The time domain signal (p(y)) pass through the OFDM 
channel; in addition, for mimicking the effect of many 
random processes that occur in nature, AWGN noise is 
added to the channel. The output of the channel (Si) is 
given by,

 � � , 1, 2,......,i sS p y N i n� � � 		                (24)

Here, the noise is depicted as Ns, and the total number 
of outputs is signified as n.

3.2 Receiver

The receiver receives the input (S_i ) from the trans-
mitter. In the transmitter, the operations are inversely 
done on the receiver block. Fast Fourier transform, Pilot 
extraction, Pulse reshaping, Demodulation, Rate de-
matching, and Decoding are done to retrieve the input 
data at the receiver. Finally, the original message can be 
viewed by the user. Next, by employing the transmit-
ter phase and receiver phase, the process of CE takes 
place.

3.3. Channel Estimation

The proposed CEGTA-Bi-LSTM made the CE. Bi-LSTM is 
a DL neural network having the sequence information 
in both forward and backward directions with proper 
sigmoid activation function known as Adaptive Piece-
wise Linear Unit (APLU). This function can approximate 
any continuous function on a compact set which over-
comes the gradient vanishing problem and improves 
the performance of CE. Several iterations are caused 
due to the random initialization of weight values; in 
addition, makes the estimation not static. Hence, for 
optimizing the network parameters, the CEGTO is pro-
posed, which improves the performance of CE. The fe-
male beetle changes its position during the movement 
towards the golden male beetle. Now, there is a pos-
sibility of trapping in the local optimal solution by the 
female beetles. Thus, the protective strategies’ efficacy 
for deterring predators may degrade. To update the 
female beetle solution, the Cauchy mutation strategy 
is utilized to preserve the details and also to preserve 
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the beetles falling to the local solution. Moreover, to 
prevent the protective strategies, an evading mecha-
nism is introduced. To enhance the search capability of 
the golden tortoises, the Cauchy mutation strategy is 
briefly illustrated. Initially, the proposed CEGTO model 
divides the original population into ‘2’ subpopulations 
in the evading mechanism. Next, two leaders with 
competitive fitness scores but low position proximity 
are identified. In Figure 2, the structure for the CEGTA-
Bi-LSTM is shown.  

Figure 2: Architecture of the CEGTA-Bi-LSTM model.

Primarily, the received output ( )iS is inputted to the in-
put layer of the proposed methodology. Next, initialize 
the weight values using the CEGTO [22] algorithm for 
the further process. The weight values are considered 
as golden tortoise beetles. Next, the initialized weight 
values are divided in to set of populations grounded on 
the best and worst velocity and position of the beetles 
using an evading process, which is given as follows,

 � � � �1

1 1 2 2
* * * * *

v v v v
uL uL u uL uLN d e P d e P� � � �� � � � � �   (25)

1 2 3

3

z z z� � �
�    			                  (26)

 1 1v v v
uL uL uLP P �� �� � 	  		                 (27)

Here, the velocities of the uth beetle during the νth and 

(ν + 1)th iteration of weight values are signified as 1v
uLϑ +

and v
uLϑ , the positions of the uth beetle of weight values 

during the νth and (ν + 1)th iterations in the Lth dimen-

sion are depicted as v
uLP and 1v

uLP + , the random vectors 
are signified as e1 and e2, the acceleration constants 
are mentioned as d1 and d2, the personal worst experi-

ence is expounded as uς , the mean solution of ‘3’ global 
worst individuals is delineated as ε, and the iterations 
are depicted as z1, z2 and z3. Moreover, the fitness of 
the two golden tortoises beetle group is computed. 
Accuracy is considered as fitness. For further process, 

the best velocity and best position beetles are utilized; 
in addition, low position proximity is also identified. In 

the uth beetle, the xth parameter’s initial value ( ),1
x
uχ  at 

problem generation with L dimensions are given by, 

,1

uxmin
maxxx

u min� �� 				                   (28)

Here, the real-valued amounts uniformly distributed 
between the upper and lower bound of xth parameter 

are depicted as x
minχ and 

x
minχ , and the lower bound pa-

rameter of the uth beetle is mentioned as u
minχ . Next, by 

employing ‘2’ operators like the switching color opera-
tor along with the survival operator, the proposed sys-
tem can be done.

a. Switching color operator
For mating with the golden beetle, the female beetle 
changes its position displaying an attractive golden 
color together with reproducing the next generation. 

Hence, the number of mature beetles’ ( )T
uF  generated 

using the Cauchy mutation is given as,

 � �� �� �
1

. . 0,1
T T T T T
u u Z gc best bestF B Q B B B Cauchy� � � �  (29)

 � � � �� � � �.cos cos .Z i i i j j jQ f g f g t� � �� � �        (30)

Here, the current female beetle’s position in generation 

(T) is signified as T
uB , which moves towards the golden 

male beetle 
1

T
gcB in generation (T) that has a golden 

color with a value determined by the color switching 
operator (QZ), a randomly generated integer is depict-

ed as 1gc , the solution with the best fitness at the gen-

eration (T) is mentioned as T
bestB , the normal random 

functions of beetles are delineated as fi, gi, fj, gj, a ran-
dom number is depicted as t, the wavelength is denot-
ed as β, and the angles of beetles are depicted as iι and 

jι .

b) Survival Operator
In the eggs laid by the tortoise beetles, a few beetle 
eggs will survive owing to their protective strategies’ 
efficacy in deterring predators. The survival operator is 
equated as, 

 � � � �
� � � �

1 1 1 1

2 2 2 2

1 .

1 .

Bee
Bee

� � �
� � �

� � � � �� ��
� � � � �� ���

 	                (31)

Where, the random number generator is signified as Ω, 
the randomly chosen solutions are depicted as χ1 and 
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χ2, and the variables are delineated as σ1 and σ2. (γ) im-
plies the output of the CEGTO algorithm. It calculates 

the forward layer hidden sequence ( )ph


 and a back-

ward layer hidden sequence ( )ph


 [23] from the oppo-
site direction, which is given as follows,

 � �1p n nh hh hh G U U h o� � �� � �� �� �
� �

	  	                (32)

 � �1p n nh hh hh G U U h o� � �� � �� �� �
� �

	  	                (33)

Here, the forward input-hidden weight along with 
backward input-hidden weight matrices are depicted 

as hU γ
 and hU γ

 , the previous forward and backward hid-

den sequence is signified as 1nh −



and 1nh −



, the bias vec-

tors in both directions are mentioned as ho and ho , and 
the hidden layer is delineated as G. Hence, the encoded 
vector (gw) is formed by the concatenation of the final 
forward layer and backward layer output with APLU ac-
tivation function is given by,

 
,w f p pg W h h� �� � �
� �

		   	                (34)

PSEUDO CODE FOR CEGTA-Bi-LSTM:

Input: Received output ( )S
Output: Channel estimated output (Ns) 
Begin 
	 Initialize weight values, random number generator (Ω), and maximum iteration (Pmax 0) 
	 //Input layer
	 Initialize the weight values using CEGTO algorithm
	 Set iteration 1P =
While (P≤Pmax 0) do
Perform Evading process, 

( ) ( )1
1 1 2 2* * * * *v v v v

uL uL u uL uLN d e P d e Pϑ ϑ ς ε+ = − − − −

	 Evaluate fitness for both the population

		  If ( )≠fitness best {

			   Generate initial value
			   // switching color operator
			   Generate the number of mature beetles using Cauchy mutation,

			   ( )( )( )1
. . 0,1T T T T T

u u Z gc best bestF B Q B B B Cauchy= + − +

			   //survival operator
			   Surviving of some beetles,

		
( ) ( )
( ) ( )

1 1 1 1

2 2 2 2

1 .
1 .

Bee
Bee

χ χ σ
χ χ σ

 = Ω + −Ω −
 = Ω + −Ω −

		  } Else {
			   Set 1= +P P
		  End if
	 End while
	 Return survived beetles (γ) 

	 Perform forward layer hidden sequence ( )ph


	 Perform backward layer hidden sequence ( )ph
	 Evaluate output layer with APLU activation function,

		  w f p p rrh rhg W U h U h o = + +  

 

Return the channel estimated output
End
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The above equation can also be written as,

w f p p rrh rhg W U h U h o� �� � �� �� �
� �

	 	                (35)

 � � � �
1

Re max. 0,
l

f p e p ee
W Lu h F h H

�
� � � ��    (36)

Here, the APLU activation function is depicted as Wf, 
the real numbers are signified as Fe and He, the total bias 
vectors are mentioned as or, the total of forward and 
backward layer hidden sequence is expounded as hp, 
and the forward weight and backward weight matrices 

are embodied as rhU  and rhU  . Hence, the output of the 
CE phase is given by,

 � �sN S p y� � 		   	                (37)

Here, the output of the channel estimator is depicted 

as sN .The pseudo-code for the proposed CEGTA-Bi-
LSTM is shown on the previous page.

By employing CEGTA-Bi-LSTM, the CE process is done. 
Thus, to prove the model’s effectiveness, the evaluation 
of this proposed methodology is necessary. The result 
section is explained further. 

4 Results and discussions

Here, a new technique of 5G MIMO-OFDM CE using 
CEGTA-Bi-LSTM is compared and analyzed. MATLAB is 

the working platform for this proposed methodology. 
From publicly available sources, the dataset is taken. 
Text, video, and audio are the ‘3’ sorts of inputs. 

4.1 Performance analysis

Grounded on ‘3’ phases like encoding phase, modula-
tion phase, and CE phase, the CE model is analyzed. 

4.1.1 Performance analysis for encoding phase
Here, regarding encoding and decoding time, the pro-
posed GD-LDPC’s performance is weighed against the 
prevailing Low-Density Parity Check (LDPC), Huffman, 
Arithmetic, and Run Length.

The proposed GD-LDPCs are weighed against the 
prevailing methodologies in Table 1. The GD-LDPC 
acquired the lowest encoding and decoding time of 
0.00575 s and 0.00131 s for text. For encoding and 
decoding, the GD-LDPC acquired 0.041 s and 0.0981 s 
for videos; while, the prevailing LDPC, Huffman, Arith-
metic, and Run Length attained (0.0531 s and 0.0595 
s), (0.0831 s and 0.0981 s), (1.0743 s and 0.1115 s), and 
(2.2401 s and 0.4472 s). The GD-LDPC also achieves the 
lowest time for audio. When analogized to other inputs, 
the proposed attains the lowest encoding and decod-
ing time for text.

4.1.2 Performance analysis for modulation phase
Here, grounded on modulation and demodulation 
for the metrics Bit Error Rate (BER) and Peak Signal-
to-Noise Ratio (PSNR), the proposed CB-QPSK’s per-

Table 1: Performance analysis for the proposed GD-LDPC.

Algorithms
Text Video Audio

Encoding 
time (s)

Decoding 
time (s)

Encoding 
time (s)

Decoding 
time (s)

Encoding time 
(s)

Decoding 
time (s)

Proposed GD-LDPC 0.00575 0.00131 0.041 0.0498 0.04687 0.05571
LDPC 0.02507 0.01575 0.0531 0.0595 1.56224 0.0821

Huffman 0.08056 0.05668 0.0831 0.0981 1.71073 0.26549
Arithmetic 0.28189 0.55849 1.0743 0.1115 2.555 0.3
Run Length 0.92048 1.11424 2.2401 0.4472 7.22466 0.36

Table 2: Analysis of the proposed CB-QPSK with the existing algorithms.

Algorithms
Text Video Audio

BER (bits/sec) PSNR (dB) BER
(bits/sec)

PSNR
(dB)

BER
(bits/sec)

PSNR
(dB)

Proposed CB-QPSK 0.084058 58.00 0.09942 31.6 0.097 32.7
QPSK 0.120588 36.2 0.1542 26.1 0.12 26.9
PSK 0.144928 34.5 0.16415 23.9 0.155904 22.3

QAM 0.724638 33.9 0.17542 15.6 0.156827 16.2
FSK 1 17.7 0.354 10.6 1 10
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formance is analogized to the prevailing Quadrature 
Phase Shift Keying (QPSK), Phase Shift Keying (PSK), 
Quadrature Amplitude Modulation (QAM), together 
with Frequency Shift Keying (FSK). 

In Table 2, the performance analysis is depicted. The 
CB-QPSK attains the lowest BER. When analogized to 
the prevailing methodologies, the CB-QPSK achieves 
58 dB for PSNR.

Likewise, for video, the CB-QPSK attains the lowest BER 
and higher PSNR. The CB-QPSK acquires the PSNR of 
32.7 dB, which is 58 dB, 10.4 dB, 16.5 dB, and 22.7 dB 
lower when contrasted with the prevailing QPSK, PSK, 
QAM, and FSK; in addition, the CB-QPSK acquires low-
est BER of 0.097 dB. Hence, enhanced outcomes are at-
tained by the CB-QPSK.

Figure 3: Fitness Vs iteration analysis.

4.1.3 Performance analysis for channel estimation
Here, grounded on PSNR, SE, Mean Squared Error (MSE), 
Symbol Error Rate (SER), and BER, the proposed CEGTA-
Bi-LSTM’s performance is analogized to the prevailing 
Bi-directional Long Short-Term Memory (Bi-LSTM), 
Long Short-Term Memory (LSTM), Least Squares (LS), 
and Minimum Mean Square Error (MMSE) centered on 
CE. In Figure 3, the fitness Vs iteration analysis for the 
proposed CEGTO is depicted. 

4.1.3.1 Performance analysis for channel estimation
Here, regarding BER, MSE, PSNR, and SE, the CEGTA-Bi-
LSTM’s performance is weighed to the prevailing tech-
niques.

In Figure 4, regarding (a) BER and (b) MSE, the CEGTA-
Bi-LSTM’s performance is analogized to the available 
methodologies. The proposed attains the BER and MSE 
values of 0.02 bits/sec and 3 at (5-10) SNR. The pro-
posed algorithm attains the lowest BER and MSE values 

at different SNR values. Hence, the CEGTA-Bi-LSTM is 
superior. 

In Figure 5, regarding (a) PSNR, and (b) SE, the pro-
posed CEGTA-Bi-LSTM’s performance is evaluated with 
the available techniques. The CEGTA-Bi-LSTM attained 
the PSNR value approximately between 30dB and 35dB 
at (0-5) SNR; in addition, it acquired better results for 
the SE. The PSNR and SE values are better for all the SNR 
values. 

4.1.3.2 Performance analysis for video data
Here, the CEGTA-Bi-LSTM’s performance is evaluated 
with the prevailing systems grounded on BER, MSE, 
PSNR, and SE for video data. 

The proposed technique is analyzed centered on (a) 
BER and (b) MSE in Figure 6. 0.05 to 0.1 at (10-15) SNR 
values; in addition, it attains enhanced outcomes for 
every SNR. Hence, the proposed system acquires supe-
rior outcomes for every metric. 

In Figure 7, the proposed technique’s performance is 
evaluated grounded on PSNR and SE. the proposed 
algorithm attains PSNR values approximately from 18 

Figure 4: Performance analysis for the proposed al-
gorithm with the existing algorithms based on (a) BER 
and (b) MSE.

(a)

(b)
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to 26 dB at 0,5,10, and 15 SNRs, which is the highest 
PSNR value amongst the prevailing ones. The SE for the 
proposed algorithm is approximately 2 to 3 bits/s/Hz at 
0dB SNR value. At every SNR value, the proposed algo-
rithm performed better. 

5 Conclusion

This paper proposes a new technique of 5G MIMO-
OFDM CE by utilizing CEGTA-Bi-LSTM. The transmitter, 
channel, and receiver are encompassed in the pro-
posed technique. The proposed methodology’s perfor-
mance metrics are compared and analyzed grounded 
on the inputs like text, video, and audio. The proposed 
GD-LDPC is compared with existing algorithms in the 
encoding phase and attains an encoding and decoding 
time of 0.00575 s and 0.00131 s for text. The proposed 
CB-QPSK is compared with the existing algorithms in 
the modulation phase and attained a lower PSNR of 
31.564 dB for video. The proposed CEGTA-Bi-LSTM 
achieves a lower BER of 0.029684 bits/sec for audio in 
the CE phase. But this work considered only CE where-
as the rate of data transmission and channel capacity of 

(a)

(b)

Figure 5: Graphical representation for the proposed 
algorithm with existing based on (a) PSNR and (b) SE.

Figure 6: Performance analysis for the proposed with 
the existing based on (a) BER and (b) MSE.

(a)

(b)

Figure 7: Graphical representation of (a) PSNR and (b) SE.

(a)

(b)
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the system is not concentrated. In future, this work will 
be further enhanced by experimental implementation 
using LED and Optical Rx2 to improve transmission rate 
in channel estimation.
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Abstract: In this work, we prepared dielectric layers of three different dielectric materials – Al2O3, polyimide and epoxy-based 
photopolymer SU-8 and investigated their properties. Aerosol deposition method was used to prepare Al2O3 and polyimide layers, 
while spin-coating method was used for SU-8 layers. Microstructural analysis revealed dense layers with no anomalies. Temperature- 
and frequency-independent dielectric permittivity ε’ was observed for Al2O3 and SU-8 layers, while there was slight downside trend 
with increasing temperature for polyimide layers. According to Young-Lippmann equation of electrowetting on dielectric (EWOD) 
effect, Al2O3 is considered to be the best due to highest ε’ (~11) among all three materials, since it requires the lowest voltage to 
achieve certain droplet contact angle with EWOD.

Keywords: dielectric layers, aerosol deposition method, spin-coating method, microfluidics, thermal switch

Priprava dielektričnih plasti za uporabo v 
digitalnih mikrofluidnih toplotnih stikalih
Izvleček: V tem raziskavi smo pripravili dielektrične plasti iz treh dielektričnih materialov – Al2O3, poliimid in fotopolimer na osnovi 
epoksida SU-8 ter raziskali njihove lastnosti. Za pripravo Al2O3 in poliimidnih plasti je bila uporabljena metoda nanašanja v aerosolu, 
za plasti SU-8 pa metoda nanašanja z vrtenjem. Mikrostrukturna analiza je pokazala goste plasti. Pri plasteh Al2O3 in SU-8 smo opazili 
temperaturno in frekvenčno neodvisno dielektričnost ε’, medtem ko je pri poliimidnih plasteh viden rahlo padajoč trend z naraščajočo 
temperaturo. V skladu z Young-Lippmannovo enačbo učinka elektro-omočenja na dielektriku (EWOD) je Al2O3 zaradi najvišjega ε’ (~11) 
smatran za najbolj ustrezen material za uporabo v EWOD, saj zahteva najnižjo napetost za doseganje določenega kontaktnega kota 
kapljice z EWOD.

Ključne besede: Dielektrične plasti, metoda nanašanja v aerosolu, metoda nanašanja z vrtenjem, mikrofluidika, toplotno stikalo
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1 Introduction

The manufacture of electronic, optical, and mechanical 
devices is experiencing a continuous trend of minia-
turization, making devices small and compact, as well 
as increasing their power density and efficiency. One 
of the main techniques for manufacturing miniatur-
ized electronic devices in large volumes is multilayer 
technology, where layered structures are deposited on 

a substrate/board. These structures are prepared with 
additive processes and can consist of several conduc-
tive, semiconductive, or insulating dielectric layers 
with a typical thickness above 1  μm. The layers can 
be manufactured with different methods, for example 
powder-based technologies like screen-printing [1–3] 
and aerosol deposition (AD) [4–6], or solution-based 
like spin-coating method [7–9].
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Advances in miniaturization have opened new prob-
lems of thermal management in small devices. With 
high power densities of compact devices, conventional 
heat sinks in combination with fans, heat pipes, or wa-
ter cooling are insufficient to dissipate large amounts 
of heat to the ambient on a small scale. Potential so-
lutions to improve thermal management on a smaller 
scale include thermal control devices, one of which 
is a digital microfluidic thermal switch based on elec-
trowetting on dielectric (EWOD) effect [10–12]. Such a 
thermal switch requires a multilayer structure, consist-
ing of a dielectric layer sandwiched between two elec-
trode layers. The fabrication process of the dielectric 
layer has strong implications on its dielectric and ther-
mal properties, which are a crucial factor in the perfor-
mance of the thermal switch based on EWOD effect.

In this work, we investigated three different dielectric 
materials for EWOD applications. These three materials 
are alumina (Al2O3), polyimide, and epoxy-based pho-
topolymer. Al2O3 was chosen due to its high electrical 
insulation, chemical inertness, and good mechanical 
properties [13–16]. On the other hand, dielectric poly-
mers are low-cost materials with high electrical insula-
tion [17]. The dielectrics were prepared in layer forms 
using AD (Al2O3 and polyimide) or spin-coating method 
(epoxy-based photopolymer) and their impacts on the 
voltage-dependent droplet contact angle were esti-
mated by theoretical calculations.

2 Materials and methods

For preparation of dielectric layers, three different 
precursors were used, namely Al2O3 powder (A 16 SG, 
Almatis, Germany), polyimide powder (P84 NT, Evon-
ik, Germany) and epoxy-based photopolymer SU-8 
(GM1070, Gersteltec, Switzerland). Al2O3 and polyimide 
layers were prepared with the AD method, while epoxy-
based photopolymer SU-8 layers were prepared with 
the spin-coating method. For preparation of polyim-
ide and epoxy-based photopolymer SU-8 layers, both 
precursors were used as received, while Al2O3 powder 
needed a pre-treatment to achieve a high deposition 
rate and homogeneous microstructure without large 
pores as reported in [14, 18].

Raw Al2O3 powder was first thermally pre-treated in 
a chamber furnace (Custom-made, Terna, Slovenia) 
at 1150 °C for 1 h with 5 K min-1 heating and cooling 
rates, as suggested in [6, 14]. After thermal treatment, 
the powder was milled to obtain an appropriate parti-
cle size for AD, which is reported to be between 0.2 μm 
and 2 μm for the ceramic powders [4]. In our case, the 
d50 of the Al2O3 powder was 0.6 μm, as shown in Sup-

plementary material: Figure S1. The milling was per-
formed in a planetary mill (PM400, Retsch, Germany) at 
200 min-1 for 4 h, using yttria-stabilized zirconia milling 
balls with isopropanol as a liquid medium.

For the preparation of dielectric layers, different sub-
strates were chosen to optimize the deposition rate. 
Commercially available stainless-steel substrates (SS; 
no. 304, American Iron and Steel Institute) with a pol-
ished surface (A480: no. 8, American Society for Testing 
and Materials) were used for the ceramic Al2O3 dielec-
tric layers, as it had previously been shown that a high 
deposition rate of the ceramic powder can be achieved 
on these substrates [19, 20]. For polyimide and epoxy-
based photopolymer SU-8 layers, glass was used as a 
substrate. Cr/Au bottom electrodes with a thickness of 
∼100 nm were sputtered on the glass substrates by a 
magneton sputtering (Cinquepascal SRL, Italy). 

The AD equipment was provided by Invertech, Ger-
many. The process parameters during the AD for both 
Al2O3 and polyimide powders are gathered in Table 1.

For the spin-coating process, a spin-coater (WS-650MZ-
23NPPB, Laurell, USA) was used to prepare epoxy-
based photopolymer SU-8 layers. For better adhesion 
of epoxy-based photopolymer SU-8 on a gold-sput-
tered glass substrate, an adhesion promoter Omni-
Coat (G112850, Kayaku Advanced Materials, USA) was 
used. During the preparation process, samples were 
thermally treated with an electric heater (C-MAG HS 7, 
IKA, Germany), according to instructions in the techni-
cal datasheet of epoxy-based photopolymer SU-8 [21]. 
The deposition was performed once without any rep-
etition. The whole process is schematically presented 
in Figure 1.

Table 1: Aerosol deposition process parameters.

Process parameters Value
Pressure in aerosol chamber [mbar] <10

Nozzle slit size [mm2] (0.5 × 10) 
Carrier gas N2

Gas flow rate [L min-1] 2 – 4
Nozzle-substrate 

distance [mm] 5

Sweep speed [mm s-1] 10

The thickness and root-mean-square roughness (Rq) 
of the prepared layers were evaluated from line pro-
files, measured with a contact profilometer (DektakXT, 
Bruker, USA). Thickness was determined from the step 
height of the layer, while Rq was evaluated with filter-
ing the total profile using Gaussian regression with a 
cut-off 0.08 mm.
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The topography images of the prepared dielectric 
layers were determined with the atomic force micro-
scopes (AFM; Jupiter XR and MFP 3D, Asylum Research 
AFM, Oxford Instruments, USA). Images were scanned 
in AC air topography mode using tetrahedral plati-
num-coated silicon tips (OMCL-AC240TM-R3, Olympus, 
Japan). Prepared sample surfaces and their polished 
cross-sections were further investigated with scanning 
electron microscope (SEM; Verios G4 HP, Thermo Fisher 
Scientific, USA). To analyse the layers in cross-section, 
the samples were prepared by cutting, mounting in 
epoxy resin (EpoFixKit, Struers, Denmark), grinding, 
and fine polishing using a colloidal SiO2 suspension 
(OP-S, Struers, Denmark).

For dielectric measurements, Au electrodes with a 
0.5 mm diameter were sputtered on the top surface of 
prepared dielectric layers by a magneton sputtering 
(Cinquepascal SRL, Italy). The temperature-dependent 
dielectric permittivity ε’ and dielectric losses tan(δ) 
were measured with Aixacct TF Analyzer 2000 (Aixacct 
Systems GMbH, Germany) and a HP 4284 A Precision 
LCR impedance meter (Hewlett-Packard, USA), using 
AC amplitude of 1  V at different frequencies during 
cooling in the temperature range from 100 °C to -30 °C. 
Theoretical voltage-dependent contact angles for a 
water droplet were calculated with a Young-Lippmann 
equation [11].

3 Results

Dielectric layers were prepared from ceramic Al2O3, 
polyimide and epoxy-based photopolymer SU-8. The 
microstructural and electrical properties are shown 
first. Later, to determine the influence of the dielectric 
layers on EWOD effect, the voltage-dependent contact 
angles for a water droplet were calculated.

3.1 Al2O3 layers prepared by the aerosol deposition 
method

Figure 2a shows a photograph of an Al2O3 layer on a 
stainless-steel substrate. AFM height and tapping 
amplitude images and SEM images in Figure 2b–2e 
revealed a layer surface with the root-mean-square 
roughness Rq ≈ 40 nm. The concave depressions com-
monly found in aerosol-deposited layers can be found 
in the AFM height image (Figure 2b). These surface 
characteristics are formed by collision of powder par-
ticles with the surface layer during the AD process, as 
discussed previously in [23]. SEM layer-surface images 
(Figure 2d and 2e) revealed small powder particles 
with a size in the range of nanometres as part of the 
Al2O3 layer surface. A comparison of the particle size of 
the Al2O3 powder before AD (Supplementary material: 
Figure S1) with the particles in the layers indicates that 
Al2O3 particles break during the AD process, as previ-
ously discussed in [6]. The cross-section SEM image in 
Figure 2f revealed a dense 4 μm-thick Al2O3 layer on a 
stainless-steel substrate. No large defects or pores are 
observed, similar to Al2O3 layers, previously prepared 
by the same procedure and deposited on gadolinium 
substrates, as reported in [6]. Temperature-dependent 
ε’ measurements are shown in Figure 3. The ε’ remains 
constant at ∼11, independent of both temperature and 
frequency. The tan(δ) slightly increases with increasing 
temperature but remains below 0.02 over the entire 
measurement range.

3.2 Polyimide layers prepared by the aerosol 
deposition method

Figure 4a shows a photograph of polyimide layer on a 
gold-sputtered glass substrate. AFM height and tap-
ping amplitude images and SEM images in Figure 4b–
4e revealed a rough layer surface with Rq ≈ 1.4 μm. The 
concave depressions commonly found in AD layers are 
also visible in this case (Figure 4b), but they are deeper 
than in Al2O3, resulting in a higher surface roughness. 
In SEM images of the polyimide layer surface (Figure 
4d and 4e), particles with a size of several tens to hun-
dreds of nanometres can be seen. In the SEM images of 
the polyimide powder before AD (Supplementary ma-
terial: Figure S2), a similar particle size was observed, 

Figure 1: Schematic presentation of epoxy-based pho-
topolymer SU-8 preparation process (after [21, 22]).
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but these particles were mainly agglomerated. Similar 
particle size before and after AD indicates that particles 
were not heavily fractured during the AD process, in 
contrast to ceramic Al2O3 particles. During AD, the ag-
glomerates of polyimide particles break apart, while 
polyimide particles deform and stick together, result-
ing in the formation of dense polyimide layers. The 
cross-section SEM image of such a dense polyimide 
layer with a thickness d ≈ 19 μm is shown in Figure 4f. 
No large anomalies or pores are visible through the 
layer thickness. We can observe slight delamination of 
the bottom electrode from the glass substrate, which 

is caused by mechanical forces arising from the curing 
process of the polymer epoxy-resin EpoFixKit during 
the cross-section sample preparation. Temperature-
dependent ε’ measurements are shown in Figure 5. 
The graph shows a slight downward trend of ε’ with 
increasing temperature. No large frequency depend-
ence is observed. On average, ε’ remains at ∼5.5. The 
tan(δ) slightly decreases with the increasing tempera-
ture but remains below 0.03 over the entire measure-
ment range.

3.3 Epoxy-based photopolymer SU-8 layers prepared 
by spin-coating method

Figure 6a shows a photograph of epoxy-based pho-
topolymer SU-8 layer on a gold-sputtered glass sub-
strate. AFM height and tapping amplitude images as 
well as SEM surface images in Figure 6b–6e revealed 
a smooth layer surface with Rq ≈ 4 nm. While the SEM 
layer surface image at lower magnification (Figure 
6d) does not reveal any details, SEM image at higher 
magnification (Figure 6e) shows small particles of 
epoxy-based photopolymer SU-8 with a size in nano-
metre range. The SEM cross-section image in Figure 
6f revealed a dense layer with a thickness d ≈ 30  μm 
with no large anomalies or bubbles. Temperature-de-
pendent ε’ measurements are shown in Figure 7. The 
ε’ remains constant at ∼6.5, independent of both tem-
perature and frequency. The tan(δ) slightly decreases 

Figure 2: (a) Photograph of aerosol-deposited Al2O3 layer on stainless-steel substrate. AFM (b) height and (c) tapping 
mode amplitude images. SEM (d, e) surface and (f ) cross-section images of the Al2O3 layer.

Figure 3: Temperature-dependent ε’ and tan(δ) of 
Al2O3 layer at different frequencies. The vertical black 
dashed arrow indicates increase in frequency.
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with increasing temperature, similar as in the case of 
polyimide layers (Figure 5). However, it remains below 
0.05 over the entire measurement range. 

3.4 Water droplet contact angles on dielectric layers

The roughness Rq and dielectric permittivity ε’ of pre-
pared layers are collected in Table 2. Polyimide layers 
prepared with AD method have the highest Rq, while 
epoxy-based photopolymer SU-8 layers, prepared with 

spin-coating method have the lowest Rq between all 
three different types of layers. In AD, powder particles 
collide with layer surface and form rougher surface in 
comparison to spin-coating method. When compar-
ing Al2O3 and polyimide layers, both prepared with 
AD method, huge difference in roughness can be ob-
served. While ceramic Al2O3 particles break during the 
AD process, forming the surface with lower roughness, 
polyimide particles deform and stick together, forming 
the surface with much higher roughness. The ceramic 
Al2O3 layers exhibited the highest dielectric permittiv-
ity ε’ compared to both polyimide and epoxy-based 
photopolymer SU-8 layers.

Table 2: The root-mean-square surface roughness Rq and 
dielectric permittivity ε’ of prepared dielectric layers.

Aerosol  
deposition

Spin-coating

Material Al2O3 Polyimide SU-8
Rq [nm] 40 1400 4

ε’ [/] @ 10 kHz 11 5.5 6.5

Figure 8 shows theoretical voltage-dependent water 
droplet contact angles on Al2O3, polyimide and epoxy-
based photopolymer SU-8 layers. The voltage-depend-
ent droplet contact angles of the water droplet were 

Figure 4: (a) Photograph of aerosol-deposited polyimide layer on gold-sputtered glass substrate. AFM (b) height and 
(c) tapping mode amplitude images. SEM (d, e) surface and (f ) cross-section images of the polyimide layer. Please note 
that on panel (f ), two white doted lines in the corners of the image between the polyimide layer and the epoxy resin 
EpoFixKit are only the guide for the eye.

Figure 5: Temperature-dependent ε’ and tan(δ) of pol-
yimide layer at different frequencies. The vertical black 
dashed arrow indicates increase in frequency. 
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calculated according to Young-Lippmann equation 
[11]:
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where ε’ was taken from Table 2. The θeq is the initial drop-
let contact angle, θew a contact angle when electric field is 
applied, ε0 dielectric permittivity of a vacuum, 𝑈 voltage, 
d thickness of the dielectric layer and γlv surface tension 

of a liquid droplet. For a water droplet in air atmosphere 
at room temperature, γlv = 0.072  N  m-1 was used [24]. 
An additional hydrophobic layer can be applied on the 
top of the dielectric layer to achieve high θeq. Therefore, 
θeq = 120o was used according to technical datasheet of 
fluoropolymer FluoroPel 1601V (Cytonix, USA), com-
monly used for EWOD applications [25]. Graphs in Fig-
ure 8 indicate Al2O3 to be the best choice between all 
three materials for EWOD applications, since it has the 
highest ε’, resulting in lower voltage required to ob-
tain certain contact angle at chosen layer thickness d. 
However, Young-Lippmann equation assumes smooth 
and ideally flat surfaces, but the roughness of the di-
electric layers also needs to be considered, since it in-
fluences the surface wettability – droplet contact angle 
[26]. In addition, the roughness also has the influence 
on the interface thermal resistances in the multilayer 
structure, which effects the heat transfer capabilities of 
digital microfluidic thermal switch based on EWOD ef-
fect. Therefore, SU-8 might also be appropriate due to 
lowest roughness, which would positively effect heat 
transfer capabilities of multilayer structure.

4 Conclusions

The microstructural and electrical properties of different 
dielectric layers were investigated and their influence on 

Figure 6: (a) Photograph of spin-coated epoxy-based photopolymer SU-8 layer on gold-sputtered glass substrate. 
AFM (b) height and (c) tapping mode amplitude images. SEM (d, e) surface and (f ) cross-section images of the epoxy-
based photopolymer SU-8 layer.

Figure 7: Temperature-dependent ε’ and tan(δ) of 
epoxy-based photopolymer SU-8 layer at different fre-
quencies. The vertical black dashed arrow indicates in-
crease in frequency.
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the EWOD effect was determined. Al2O3 and polyimide 
layers were prepared with AD method, while epoxy-based 
photopolymer SU-8 was prepared with spin-coating 
method. Microstructural analysis revealed dense layers 
without any anomalies. Particle analysis indicates break-
ing of ceramic Al2O3 particles during the AD process. In 
the case of polyimide, big agglomerates, observed in raw 
powder, break apart during the AD process, while smaller 
polyimide particles deform and stick together. Dielectric 

measurements revealed temperature- and frequency-in-
dependent dielectric permittivity ε’ for Al2O3 and epoxy-
based photopolymer SU-8, while slight temperature de-
pendency of ε’ can be observed in polyimide. Highest 
dielectric permittivity ε’ between all three materials was 
measured in Al2O3 layers (ε’ ∼11), indicating Al2O3 as the 
optimal choice for EWOD application.

5 Supplementary material

Supplementary material available on the publisher’s 
web page contains:
-	 S1: Particle size distribution and SEM analysis of 

Al2O3 powder
-	 S2: Particle size distribution and SEM analysis of 

polyimide powder
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Abstract: The cosintering of particulate composites often presents a challenge due to the conventionally high processing 
temperatures used. Inter-diffusion of species between two phases and their volatilization, formation of secondary phases, and 
cracking or delamination of ceramics are effects that hinder the coupling of functional properties and reduce the final responses of 
such composites. This is particularly relevant when producing perovskite–perovskite composites from phases that are conventionally 
sintered at different temperatures (Ts), such as K0.5Na0.5NbO3 (KNN; Ts≈1100 °C) and BiFeO3 (BFO; Ts≈800 °C). Obtaining high-quality 
KNN–BFO multifunctional composite was the goal of this study. We demonstrate herein that the low-temperature sintering technique 
known as the Cold Sintering Process (CSP) can be utilized for producing particulate perovskite–perovskite composites, specifically 
KNN–BFO. We show that cold-sintered KNN–BFO composites have a dense microstructure, good phase-to-phase contact, are crack-
free and exhibit ferroelectric properties. Their dielectric and ferroelectric properties are strongly affected by the fraction of KNN, 
increasing polarization saturation, while BFO aids in increasing their dielectric breakdown strength.

Keywords: cold sintering process; ferroelectric; particulate composite; BiFeO3; K0.5Na0.5NbO3

Hladno sintranje prahov perovskitov na osnovi 
K0.5Na0.5NbO3 in BiFeO3
Izvleček: Sosintranje dveh različnih praškastih keramičnih materialov v kompozitne strukture predstavlja izziv, saj keramika zahteva 
pripravo pri visokih temperaturah. Pri teh pogojih, difuzija ionov med dvema fazama, sublimacija, tvorba sekundarnih faz ter 
nastanek razpok ali delaminacija keramike vplivajo na lastnosti kompozita in poslabšajo njegove funkcijske lastnosti. To je še posebej 
pomembno pri izdelavi kompozitov iz dveh perovskitnih faz, ki se običajno sintrajo pri različnih temperaturah (Ts). Tak primer so 
kompoziti na osnovi K0.5Na0.5NbO3 (KNN; Ts≈1100 °C) in BiFeO3 (BFO; Ts≈800 °C) feroelektričnih sestav, KNN-BFO, katerih pripravo in 
lastnosti obravnava ta študija. Dokazali smo, da je mogoče tehniko nizkotemperaturnega sintranja, znano kot postopek hladnega 
sintranja (CSP), uporabiti za izdelavo kompozitov iz prahov dveh različnih feroelektričnih perovskitnih materialov, KNN in BFO. Pokazali 
smo, da imajo hladno sintrani kompoziti gosto mikrostrukturo, dober stik med fazami, so brez razpok in izkazujejo feroelektrični odziv. 
Na povišanje dielektričnih in feroelektričnih lastnosti močno vpliva delež KNN v kompozitu, ki povečuje polarizacijsko nasičenost, 
medtem ko BFO pripomore k povečanju njihove dielektrične prebojne trdnosti.

Ključne besede: hladno sintranje; feroelektriki; kompozit; BiFeO3; K0.5Na0.5NbO3
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1 Introduction

Ferroelectric perovskites are widely used in a variety 
of electronic devices such as capacitors, sensors, ac-
tuators, and transducers [1]. Among environmentally 
friendly lead-free materials, K0.5Na0.5NbO3 (KNN) is a 
suitable candidate to replace Pb(Zr1-xTix)O3 (PZT) in 

piezoelectric applications, and BiFeO3 (BFO) [2]–[4] is 
widely investigated and used for multiferroic coupling 
or high-temperature piezoelectric applications. Com-
bination of the two functional materials in the form 
of a multiferroic composites with properties that can 
be fine-tuned by adjusting amounts of each individual 
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phase could be beneficial for use in electronic devices, 
integrated as a single multifunctional component [5].

However, processing of perovskite-perovskite particu-
late composites by a conventional cosintering route is 
challenging due to different sintering temperatures of 
materials of different composition, volatilization of el-
ements and their diffusion coefficients. In the case of 
KNN and BFO ceramics, KNN densifies in a narrow tem-
perature range at ~1100 °C, close to its melting point of 
1140 °C [2], while BFO densifies at ~300 °C lower tem-
perature of 800 °C. Above ~950 °C BFO decomposes 
into liquid phase and Fe-rich phase and is fully melted 
at 1100 °C [4], [6]–[8]. It was also reported that cosinter-
ing of KNN and BaFe12O19 at 1125 °C led to volatilization 
of alkalies, resulting in decreased relative density of the 
composite [9].  It was further demonstrated for CoFe2O4 
(CFO) and PZT composite that Fe3+ can diffuse into 
PZT, and Ti4+ can diffuse into CFO already at 900–1000 
°C [10]–[12]. This diffusion facilitates secondary phase 
formation, limiting functional-property coupling be-
tween the two phases, and can cause creation of oxy-
gen vacancies, leading to enhanced conductivity of the 
composite [10]. In an attempt to limit such diffusion, in 
the case of cosintering of BFO and BaTiO3 [13], as well 
as BFO and PZT [14], low sintering temperatures were 
used, but the microstructure was highly porous.

Beside the different sintering temperatures of the com-
posite phases and with that the possible interdiffusion 
of species between the two phases during cosinter-
ing, forming a third solid-solution phase, producing 
composites is challenging also due to different ther-
mal expansion coefficient (TEC) of individual phases. 
The latter may cause strains at the interfaces of differ-
ent phases and microcracks [15], [16] during cooling 
of the composite from the processing temperature 
due to different shrinkage parameters of the lattices. 
The cracking effect due to different TEC of two com-
posite phases is more evident in the case of a layered 
composite structure, e.g., cosintering CFO and PZT in 
a sandwiched structure resulted in cracks along the 
interface and delamination or the structure [17]. On 
the other hand, it was shown for CFO–PZT [18] and Co-
doped BFO–PZT composite [12], as well as in the co-
sintered BFO–Ni0.5Co0.5−xZnxFe2O4 composite [19] that 
interfacial strains influence the lattice distortions of in-
dividual phases, contributing to large magnetoelectric 
coupling. In the case of materials of our interest, BFO 
and KNN, BFO has TEC of 10.9 x10-6 K-1 and 12.2x10-6 
K-1 for the temperature range 25–325 °C and 344–838 
°C, respectively [20], while KNN has TEC of 2.96x10-6 
K-1, 4.35x10-6 K-1 and 7.52 x10-6 K-1 for the temperature 
range 30–195 °C, 208–364 °C and 434–790 °C, respec-
tively [21]. This implies that BFO will shrink almost twice 
more than KNN when cooling down from the sintering 

temperature, likely producing strains at the interfaces 
and/or cracks.

A way to severely limit thermal expansion/shrinkage, 
diffusion or volatilization of species during sintering 
of composites is to sinter at temperatures below 300 
°C. Cold sintering process (CSP) is a sintering technique 
that allows densification of materials at temperatures 
even below 300 °C, under applied uniaxial pressure of a 
few hundreds of MPa and in the presence of a transient 
liquid phase, which facilitates material densification 
through a pressure-dissolution process [22]. The low 
processing temperature of the CSP provides opportu-
nities for combining a variety of materials, i.e., ceramic 
with polymers or metals, as well as different types of 
oxides [23]–[27]. While different perovskites have been 
cold-sintered so far, including KNN-based composi-
tions and BFO ceramics [28], there are no reports yet 
on cold sintering of perovskite-perovskite composites, 
which is a viable way to produce multifunctional com-
ponents. 

In this contribution we studied the processing of KNN–
BFO perovskite-perovskite particulate composite with 
different ratios of phases, using the CSP. Based on our 
previous investigations on cold sintering of KNN [29], 
[30] and BFO [28], we utilized a eutectic mixture of 
NaOH and KOH as a transient liquid phase (TLP) to aid 
the sintering of the composite, which resulted in a ho-
mogeneous distribution of the two phases, no second-
ary phases formed at the grain boundaries, and a dense 
microstructure. The aim of our work is to illustrate that 
cold sintering can be successfully employed for com-
bining two ferroelectric perovskite compositions to 
produce high-quality composites as multifunctional 
components. 

2 Materials and methods

The initial powder compositions, BiFeO3 with added 
0.1 wt.% Co (named BFO hereafter), and K0.5Na0.5NbO3 
(KNN), were prepared via solid-state synthesis. Details 
on preparation can be found elsewhere (KNN powder 
was calcined at 850 ℃) [31], [32]. Both powders were 
separately milled at 200 rpm for 0.5h (KNN) and 2h 
(BFO) after calcination to break the agglomerates. The 
mean particle of KNN was d50 = 0.50 µm and for BFO 
d50 = 1.39 µm. Different ratios of KNN and BFO powders 
were then mixed together in an agate mortar to pro-
duce (1-x)KNN–xBFO compositions with x= 0, 0.33, 0.50 
and 0.66 and 1 (in weight fraction). The samples are de-
noted as: KNN, 33%BFO, 50%BFO, 66%BFO and BFO, 
respectively. Converting BFO weight % into volume 
%, the three compositions are 20%BFO, 35%BFO and 
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50%BFO, respectively. For each composition, 75 µl of 
NaOH-KOH aqueous equimolar mixture was added to 
0.6 g of powders and manually mixed in an agate mor-
tar. The NaOH-KOH solution was prepared by dissolv-
ing NaOH (molarity is 4.26 M) and KOH (molarity is 4.26 
M) in water. The moist powders were put in the CSP in-
strument and pressed under 676 MPa uniaxial pressure 
(with a pressing rate of 13 MPa/minute) and heated to 
300 °C (with heating and cooling rates of 2 K/min) and 
cold-sintered for 2 hours. The slow rates have previous-
ly been shown to produce reliable crack-free samples 
[33] and were chosen here for two reasons, one being 
better liquid/particle distribution in the green compact 
and the other being the polymorphic phase transition 
at about 170 °C for KNN which might cause large strains 
due to lattice volume changes and cracking of grains/
pellet. After CSP, the obtained pellets with thickness 
~1.8 mm and diameter of 8 mm were dried in vacuum 

drier at 80 °C overnight. Microstructure analysis of cold-
sintered samples was performed on polished samples 
using a scanning electron microscope using backscat-
tered electrons (SEM; JSM 7600 F, Jeol Ltd., Tokyo, Ja-
pan). Relative density of cold-sintered samples was 
calculated based on measured porosity from several 
SEM images. For dielectric and ferroelectric measure-
ments, the samples were thinned to 0.15-0.25 mm, 
and gold-sputtered on both sides (using sputtering 
system 5Pascal, Italy). Dielectric properties were meas-
ured with an LCR meter (Hewlett Packard, Tokyo, Ja-
pan). Ferroelectric properties (polarization vs. electric 
field) were measured with a TF2000 analyzer (AixACCT 
Systems GmbH, Aachen, Germany) at a frequency of 
100 Hz with a sinusoidal voltage waveform until their 
breakdown. Selected samples were annealed in O2 flow 
at 500 °C for 2 hours, with 2 K/min heating and cooling 
rates for dielectric measurements.

Figure 1: SEM images of ceramic samples cold sintered at 300 °C for 2 hours at 635 MPa with NaOH–KOH as a transient 
liquid phase: (a) KNN; (b) BFO; (c) 33%BFO; (d) 50%BFO and (e) 66%BFO (percentage given in wt.%). Light grey color 
of grains in the composites is BFO, and dark grey color of grains is KNN for (c), (d) and (e). Black spots are pores. (f ) 
Enlarged area from 33%BFO composite in (c), showing grain-boundary contacts between KNN grains (white arrow in 
the right image).
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3 Results and discussion

The microstructures of cold-sintered KNN–BFO com-
posites with compositions 33%BFO, 50%BFO and 
66%BFO, as well as single-phase KNN and BFO for 
comparison, are presented in Figure 1. The average 
grain size of KNN is about 1 µm or less, while BFO has 
larger grains, ranging up to 5 µm. No secondary phases 
are observed at the grain boundaries in KNN and BFO 
from the cold sintering procedure (Figure 1a-b). KNN 
shows higher relative density compared to BFO, with 
estimated 98 % compared to 94 %, respectively. Such a 
difference could be related to several reasons, one be-
ing better particle packing in KNN due to smaller initial 
particles. On the other hand, higher density of cold-
sintered KNN compared to BFO can also be explained 
by the different levels of solubility of each ceramic in 
the base solution and/or eutectic liquid phase. It was 
previously shown for KNN dipped in aqueous solution 
of NaOH that the concentration of Nb5+ ions starts to 
increase already at 50 °C [34], indicating its significant 
solubility. No studies were found for the solubility of 
BFO, however, it was shown that during its hydrother-
mal synthesis it was only possible to dissolve and pre-
cipitate BFO species at temperatures above 175-200 °C 
[35]. This may indicate that KNN is more soluble in the 

NaOH-KOH liquid phase compared to BFO, leading to 
higher densification levels of KNN during cold sinter-
ing. The third argument for better compaction of KNN 
could be its ability to significantly plastically deform 
with applied pressure that seems to exceed the yield 
strength of the material (e.g., for KNbO3 crystal yield 
strength of 40 to 120 MPa was reported [36], [37]. Final-
ly, the plastic deformation is realized through disloca-
tion formation and lattice gliding [29], [30], [38], which 
may have been more efficient in KNN due to its lower 
density and/or weaker chemical bonding, resulting in a 
denser microstructure of KNN compared to BFO. 

Microstructures of KNN–BFO composites (Figure 1c–e) 
show that KNN (dark grey phase) and BFO (bright grey 
phase) are homogeneously distributed, and the relative 
densities of 33%BFO, 50%BFO and 66%BFO, calculated 
from measured porosity from the microstructures, are 
∼96 %. Enlarged view of the 33%BFO composite in Fig-
ure 1f shows grain-boundary contacts, indicating good 
adhesion between the KNN grains, creating a matrix, 
with BFO grains well compacted between the sintered 
KNN grains.

These boundaries appear to be slightly curved, con-
firming the pressure-dissolution process [22] during 

Figure 2: Comparison of dielectric permittivity and dielectric losses of as-prepared cold-sintered samples and sam-
ples annealed at 500 °C for 2 hours in O2 (a) KNN and (b) BFO. (c) and (d) dielectric permittivity and losses of 33%BFO, 
50%BFO and 66%BFO composites after annealing

S. Salmanov et al.; Informacije Midem, Vol. 54, No. 3(2024), 225 – 233
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cold sintering, but also appear lighter-grayish, which 
could indicate a Bi- or Nb-rich phase as a consequence 
of liquid-phase formation and precipitation of such a 
phase. The quantity of this phase, however, was too 
low to be identified by energy dispersive X-ray spec-
troscopy in SEM or X-ray diffraction. In 50%BFO, and 
especially in 66%BFO sample, contacts between BFO 
grains are observed that also show good contact and 
adhesion. No cracks are seen throughout the com-
posites, which reflects good sintering and adhesion of 
grains, and minimal thermal expansion of the phases in 
the temperature range from sintering (300 °C) to room 
temperature.

The dielectric properties, presented in Figure 2, were 
measured on the as-prepared and dried cold-sintered 
KNN, BFO and composite samples, and after O2 anneal-
ing. The as-prepared BFO exhibits the relative dielectric 
permittivity of ∼120 and dielectric losses below 3% in a 
frequency range from 1 kHz to 1 MHz, and after anneal-
ing in O2 no significant decrease in relative dielectric 
permittivity and dielectric losses is observed (Figure 
2a). The cold-sintered KNN is characterized by a relative 
dielectric permittivity of ∼800 and dielectric losses of 
4% in a frequency range from 1 kHz to 1 MHz. How-
ever, after annealing in O2, the dielectric permittivity in-
creased by more than 50 %, while the dielectric losses 
decreased (Figure 2b). These results are consistent with 
previous data [30], [39].  The changes in dielectric prop-
erties after annealing in O2 are believed to arise from 
the reoxidation of the perovskite and changes in the 
valence states of Nb atom, which was reduced from 
Nb5+ to Nb4+ during the CSP. For this reason, composites 
were also annealed in O2.

The relative dielectric permittivity and dielectric losses 
of 33%BFO, 50%BFO and 66%BFO composites after 
annealing at 500 °C in O2 are shown in Figure 2c and 
2d, respectively. The 66%BFO composite exhibited 
relative dielectric permittivity of ~200, slightly higher 
than that of BFO. We can further follow a trend with 
increasing amount of KNN in the composites, result-
ing in an increase in the relative dielectric permittivity, 
with the value for the 33%BFO composite still lower 
than that of KNN. Especially notable is the difference 
in relative dielectric permittivity between 33%BFO and 
50%BFO compared to the difference between 50%BFO 
and 33%BFO, which is minimal. This could be related 
to a critical amount of KNN in the composite. Since in 
33%BFO there is only 20 vol. % of BFO, this suggests 
that the contribution to the relative dielectric permit-
tivity of KNN dominates over BFO. On the other hand, 
the amount of BFO increases to 35 vol. % and 50 vol. 
% in 50%BFO and 66%BFO composites, respectively, 
increasing the contribution of BFO to the dielectric 
properties, decreasing the relative dielectric permittiv-

ity. Interestingly, the values of the dielectric losses of all 
the composites were similar in the studied frequency 
range, but slightly higher in the low-frequency range 
in 66%BFO, similar to pure BFO, which could indicate 
local conductivity due to defect states in the BFO phase 
(Figure 2d).

The P–E-loops at 150 kV/cm applied electric field of 
cold-sintered KNN and BFO and composites 33%BFO, 
50%BFO and 66%BFO are shown in Figure 3a. The re-
sults show that the coercive field (Ec) and remanent 
polarization (Pr) values of the composites are between 
the values for KNN and BFO. 33%BFO and 50%BFO 
samples show a similar Pr value, while Pr of 66%BFO is 
smaller, which is in line with the value of the major con-
stituent phase, BFO. The KNN loop shows polarization 
saturation reached at 150 kV/cm applied, with Ps=30 
µC/cm2. The P–E loop of BFO, however, remains flat at 
this field and only starts to open at an applied electri-
cal field greater than 150 kV/cm (see inset in Figure 3a 
for the BFO loop at 200 kV/cm). This indicates defect 
states in the material that unpin the domains only at 
stronger fields applied. The effect of defects seems to 
be hindered in the case of composites with increas-
ing KNN phase, increasing also the Pr value. On the 
other hand, dielectric breakdown strength seems to be 
strongly affected by the amount of BFO in the compos-
ite, increasing the maximum possible applied electric 
field (Emax) (Figure 3b). We note here that while we did 
not systematically measure the dielectric breakdown 
strength of these materials, we consistently observe 
for all cold-sintered perovskites that the samples with-
stand larger electrical fields applied without their di-
electric breakdown. The final reached value of Pr of the 
composite seems to be affected by the strength of the 
grain-boundary contacts between the KNN grains (see 
enlarged view in Figure 1f ), which are more frequent 
in the composite with larger KNN amount. The analysis 
of the evolution of P–E loops with gradually increasing 
electric field for composites (Figure 3c–e) shows that in 
66%BFO at maximum applied field (see the loop at 170 
kV/cm) the P–E loop starts to open and becomes more 
rounded. This indicates a major contribution to electri-
cal properties from the BFO phase with unpinning of 
defects and increased conductivity [31]. Comparison 
of the functional properties of cold-sintered samples is 
summarized in Table 1.

4 Conclusions

We demonstrated that CSP can be effectively utilized 
for sintering of perovskite–perovskite particulate com-
posites based on different ratios of KNN and BFO. Micro-
structure analysis revealed that the composites have a 
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dense structure and homogeneously distributed KNN 
and BFO grains. Moreover, the contact regions between 
KNN and BFO grains did not exhibit any cracks or large 
pores, nor significant secondary phases. After anneal-
ing in O2, the dielectric losses were below 3% across the 
entire frequency range of 1 kHz to 1 MHz and the val-
ues of relative dielectric permittivity were in line with 
KNN amount of KNN, increasing with increasing KNN 
fraction. Nevertheless, the composite with 66 wt. % of 

BFO, where the contacts between KNN grains are rare, 
demonstrated approximately two times higher permit-
tivity that single-phase cold-sintered BFO, and similar 
dielectric loss values. The composites showed decent 
ferroelectric properties and increasing polarization sat-
uration with KNN content, while dielectric breakdown 
strength appeared higher with increasing BFO content. 
Remanent polarization is also enhanced by larger KNN 
fraction when up to 150 kV/cm field is applied, while 

Figure 3: Comparison of ferroelectric properties cold-sintered KNN, BFO and composite ceramics after annealing 500 
°C for 2 hours in O2. (a) Polarization–electric-field (P–E) loops at 150 kV/cm. Inset shows the P–E loop of BFO at 200 
kV/cm. (b) Maximum applied electric field during measurement of P–E loops for all samples before breakdown. (c)–(e) 
Evolution of P–E loops with increasing E for (c) 33%BFO, (d) 50%BFO and (e) 66%BFO composites. All measurements 
were done at 100 Hz

Table 1: Comparison of functional properties of cold-sintered samples

Permittivity at 1kHz Dielectric losses at 1kHz Pr at 150 kV/cm Pr at 200 kV/cm Emax, kV/cm
KNN ~1300 ~0.03 ~14 - 150
33%BFO ~800 ~0.02 ~8 - 150
50%BFO ~300 ~0.02 ~8 - 160
66%BFO ~200 ~0.02 ~6 - 170
BFO ~100 ~0.02 ~2 ~14 220
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larger fraction of BFO in the composite allows to ap-
ply fields above 150 kV/cm, apparently increasing the 
breakdown strength of the composite.
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