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Abstract- The current CMOS millimetre-wave filters are 

implemented using microstrip technology. Thus, they are 

characterised by high losses due to parasitic effects and 

large-distributed capacitance resulting from coupling 

effects. We present the design of a miniaturised CMOS 

compatible coplanar waveguide bandpass filter for a 5G 

millimetre-wave application. The bandpass filter consists 

of a third order Combline structure loaded with 

interdigitated capacitors and a coplanar ground plane. 

The miniaturised bandpass filter is theoretically 

modelled and simulated for compatibility with the 

standard CMOS process technology to significantly 

reduce design complexity, to achieve a high-

performance filter with minimised signal losses of 

insertion loss (IL) less than 2dB, return loss (RL) better 

than 10 dB, with good selectivity, low cost, compact size, 

low weight, and high linearity. The theoretical 

parameters of the bandpass filter are calculated using 

MAPLE software based on mathematical modelling 

equations of Combline structure and the ideal 

transmission line schematic model in ADS used to 

predict the performance of the filter. The CMOS process 

technology due to its high monolithic integration level 

and low-cost implementation for batch fabrication 

makes it a good candidate for achieving low cost and 

high-performance filter. The theoretical and ideal 

schematic model results of the miniaturised CMOS 

bandpass filter show an insertion loss of 0dB and return 

loss better than 20 dB at 60 GHz. The filter is simulated 

for compatibility with the standard 0.18μm CMOS 

process technology using HFSS finite element analysis 

(FEA) to confirm its performance. The simulated result 

obtained for a single metal layer of the miniaturised 

bandpass filter shows an insertion loss of 0.03 dB, return 

loss better than 29 dB at a centre frequency of 60 GHz 

and occupy a total chip area of the 580.6 μm x 334.7 μm 

with a core size of 400.6 μm x 127.7 μm. While the 

optimised three metal layers model with CMOS design 

rules consideration shows an insertion loss of 0.45 dB 

and return loss better than 10.8 dB at 60 GHz with a 

core size of 439.6 μm x 127.7 μm. Abstract- Mention the 

abstract for the article. An abstract is a brief summary of 

a research article, thesis, review, conference proceeding 

or any in-depth analysis of a particular subject or 

discipline, and is often used to help the reader quickly 

ascertain the paper's purpose. When used, an abstract 

always appears at the beginning of a manuscript, acting 

as the point-of-entry for any given scientific paper or 

patent application. 

 

Index Terms: Coplanar waveguide, Bandpass, 5G, 

Combline, CMOS. 

 

I. INTRODUCTION 

 

The advent of the fifth generation (5G) mobile 

communication has led to an increased interest in 

millimetre-wave technology [1-3]. The 60 GHz 

unlicensed millimetre-wave frequency band is a 

band of frequency suited for 5G applications and a 

promising solution for next-generation wireless 

communication [4, 5]. To realise superior system 

performance at this frequency, bandpass filters play 

crucial roles in selecting the fundamental frequency 

while rejecting other spurious frequencies or 

harmonics [6]. Consequently, the need for more 

efficient, low-power, and high-performance, 

miniaturised filters characterised by low loss and 

compact form factors have also increased drastically 

in the last few years [7]. The realisation and 

application of such miniaturised or compact filters 

in the front-end transceiver architecture in modern 

communication systems will facilitate better system 

design integration with small size, low weight, and 

low cost [8]. Therefore, these filters need to achieve 

high performance in terms of low insertion loss, 

high integration flexibility, compact or miniaturised 

in size, and most importantly, must be low-cost [9]. 

Literature in the last decade have revealed different 

filter technologies for 60 GHz millimetre wave 

application such as the standard printed circuit board 

(PCB) technology [10], low temperature cofired 

ceramics (LTCC) technology [11], flexible organic 

material-based filter technology [12, 13], and 

bipolar complementary metal oxide semiconductor 
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chips. However, there are two most outstanding 

filter solutions at the 60 GHz millimetre wave 

frequency. The filter-in-package requires the filter to 

be implemented in the packaging platform and the 

filter-on-chip which is structured to achieve 

miniaturised and compact size with significantly 

reduced packaging cost [14], [15]. The on-chip 

bandpass filter implemented in CMOS has gained 

research attention in the last decade [16-20]. For 

superior performance, it is ultimately required to 

minimize the filter design and fabrication 

complexities, the on-chip physical dimension of the 

filter, considering the fabrication cost. Based on this 

design constraint, an innovative design approach to 

miniaturize the bandpass filter have been presented 

in the literature using the CMOS process technology 

[18, 21-23]. 

 

The interest in miniaturisation and lightweight 

components is streaming down the design chain of 

millimetre wave system in terms of size, weight and 

power (SWaP) [7]. In the design, space will come at 

a higher cost than expected with a size footprint. 

Considering the significance of reducing millimetre 

wave filter size to stay on top of the overall trend of 

device scaling down, manufacturing resilience 

likewise plays a vital role. The recent development 

in process technology, CMOS process for 

microwave and millimetre-wave applications has 

made the design of highly integrated system-on-chip 

(SoC) both possible and cheap [24]. In the last 

decade, this technology has gained widespread 

interest among integrated circuit designers and 

researchers in designing compact and highly 

miniaturised bandpass filters, with enhanced 

performance, used in the front-end transceiver 

circuits in many wireless communication systems 

such as mobile phones and wireless local area 

networks (WLANs) [25].  

 

The recent trend in the 60 GHz millimetre-wave 

technology band has opened new opportunities for 

circuit and communication system designers over 

the last decade. This band provides numerous 

opportunities for aggregating carrier frequencies that 

deliver high data rates, in the region of tens of 

gigabits per second for various applications. 

Millimetre-wave based bandpass filters have been 

designed using various planar transmission line 

structures [5, 6]. However, most of the existing 

bandpass filters are designed using microstrip 

technology [6, 9, 26]. Though this technology has 

been reported and used in most filters design, the 

filters are characterised by various drawbacks which 

makes them quite lossy and needing improvement 

for application in 5G millimetre wave systems [19, 

21, 27-37]. They are quite lossy due to the parasitic 

effect associated with the via holes interconnect and 

the large distributed capacitive coupling between the 

top conductors and the ground plane which also 

leads to poor selectivity. In [27], Hsu et.al designed 

a 60 GHz millimetre-wave RFIC on-chip bandpass 

filter. The filter occupied a chip size of 1.148 by 

1.49 mm2. The filter was characterised by 

investigating the variation in the insertion loss and 

the bandwidth using different sizes of perturbation 

stub with a 3 dB bandwidth of about 12 GHz. The 

filter has a poor insertion loss of 4.9dB and a return 

loss of 10dB in the passband. In [28], Yang et al. 

utilised a rectangular open-loop structure to design 

and fabricate an on-chip second-order bandpass 

filter on a solid defected ground plane with a die 

size of 415.5 by 502.8 µm2. The response shows 

double transmission zeros at finite frequencies in the 

stopband giving the filter a good selectivity with an 

insertion loss of 1.5 dB. When compared to other 

filters, it is found to be a high-performance filter 

with low insertion loss, compact in size, good 

selectivity but with a poor return loss of 9.2 dB. In 

[21], Yeh et al utilised a six-layer CMOS based 

millimetre wave conductor-backed half-wavelength 

resonators to archive a stopband characteristic of the 

filter at required resonance frequencies. The filter 

structure which occupies a chip size of 0.225 × 0.55 

mm2 was designed on structural layer M6 while M5 

was used for grounding. Though the filter is very 

compact, however, it has a relatively high insertion 

loss of 5 dB due to parasitic and distributed coupling 

capacitive effects between the structural layer and 

the grounding. In [29], R. K. Pokharel et al. used an 

enhanced on-chip folded open-loop resonator 

bandpass filter with a patterned ground shield for 60 

GHz millimetre-wave application implemented on a 

standard CMOS 0.18 μm process technology.  The 

filter has a compact size of 910 × 650 μm2 with a 

transmission zero which results in high selectivity. 

However, the filter is still lossy with an insertion 

loss of 2.77 dB. In [38], Y.-M. Chen et. al 

introduced a miniaturised CMOS bandpass filter 

using open resonators loaded with two grounding 

pads stepped-impedance stubs to improve the band 

selectivity and decrease the chip size appropriate for 

on-chip integration with an RF transmitter and 

receiver circuit. The grounding pad is built from the 



© OCT 2025 | IRE Journals | Volume 9 Issue 4 | ISSN: 2456-8880 
DOI: https://doi.org/10.64388/IREV9I4-1711457-8358 

IRE 1711457      ICONIC RESEARCH AND ENGINEERING JOURNALS          1814 

vertical interconnect of the various metal layers of 

the CMOS process with the end goal that the slow-

wave impact is available when inserting it 

underneath the microstrip signal strip. The compact 

filter die size of 0.31 × 0.26 mm2 has a significantly 

improve selectivity but, however, characterised by 

high insertion loss of 3.9 dB. In [22] K. Ma et. al. 

implemented a sandwich quasi-elliptical capacitor in 

the design of a 60 GHz on-chip multimode bandpass 

filter. The implementation of the loaded sandwich 

capacitor shows the capability of multimode 

perturbation as well as regulating the stopband in 

the designed bandpass filter. Two transmission zeros 

generated by the magnetic coupling path further 

enhance the stopband rejection. The filter shows a 

size of 0.16 mm2 with a lossy insertion loss of 5 dB. 

In 2014 [30], Yeh et. al utilized stepped-impedance 

resonators in the design of a highly miniaturised 

bandpass filter taken into consideration more 

flexibility to control the design parameters and 

create two transmission zeros by a two-way 

mechanism which are located at finite frequencies of 

32 GHz and 109 GHz and the band-edge selectivity 

is significantly better with low-insertion loss of less 

than 2.9 dB and size of 182 × 393 μm2. In [31], 

Barakat et al. adopted open-loop microstrip 

resonators for a miniaturized millimetre wave, low 

loss CMOS on-chip bandpass filter. The overlapping 

of the open loop resonator enhanced the resonators 

intercoupling configuration. The insertion loss of 

2.85 dB and return loss of 18 dB at 59 GHz with a 

bandwidth of 15.5 GHz performance was enhanced 

by implementing the H-shaped defected ground 

plane to improve the stopband rejection. The total 

chip size of the filter was found to be 368 µm × 262 

µm.  

 

In this paper, we present the design of a 

miniaturised 60 GHz millimetre-wave CMOS 

compatible Combline bandpass filter for 5G 

application based on the 0.18 μm CMOS process 

technology using a coplanar waveguide to achieve 

high-performance systems with minimised signal 

losses of insertion loss (IL) less than 2 dB, return 

loss (RL) better than 10 dB, with good selectivity 

and compact size. The aim is to present a 

comprehensive design analysis, development, and 

optimization of miniaturized bandpass filter for 5G 

millimetre wave application. The coplanar 

(modified microstrip) structure is used to eliminate 

the parasitic and coupling effects that cause losses in 

the conventional microstrip bandpass filters. In 

section 2, we present the synthesis of the 

miniaturised Combline bandpass filter with loaded 

interdigitated capacitors using the appropriate 

mathematical equations to determine the filter order, 

selectivity, 3 dB bandwidth based on the computed 

external quality factor and coupling coefficients, 

impedance characteristic, effective permittivity, and 

the physical dimensions of the filter (resonator 

length, tapping points and width) using MAPLE to 

optimize the design. In Section 3, the 

implementation and performance of the optimized 

bandpass filter in terms of s-parameters by 

simulation using electromagnetic simulation 

software tools; High-Frequency Structural Simulator 

(HFSS) for the miniaturised design compatible with 

the 0.18 μm CMOS process technology is presented. 

Section 4 design rule (DRC) and physical 

verification check (PVC) of the simulated 

miniaturised bandpass filter for physical violations 

and compatibility check based on the 0.18 μm 

process, are presented. Lastly, Section 5 concludes 

the manuscript.  

 

II. SYNTHESIS OF THE BANDPASS FILTER 

 

The filter design process starts with the filter 

specification that meets the required performance. 

These include the filter type, the response type, the 

order of the filter, the passband rippled that is 

allowed, the desired operating frequency for its 

application, passband or stopband range, the 

maximum attenuation allowed for equal ripple, 

quality factor (Qf), the bandwidth (BW), the 

required insertion loss (IL) and return loss (RL) 

characteristics. A good approach to designing a 

practical bandpass filter is to select a lowpass 

prototype of series (inductors) and shunt 

(capacitors) components, determine component 

values and then the component transformation from 

lowpass to a bandpass. The methodology is shown 

in Figure 1. 

 

 
Figure 1: Design methodology flow chart. 
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A. Design Specification 

Figure 2 shows the various components of the 

proposed bandpass filter. It consists of a third order 

Combline resonators of electrical length of 50o 

shunted at one end to the ground and loaded with 

interdigital capacitors on the other end before 

shunted to the ground with two tapped feed lines for 

RF input and output, respectively. 

 

 
Figure 2: Components of a Combline bandpass 

filter. 

 

The physical dimensions of length L, width W, and 

the thickness T of the conductors for accurately 

designing the combline filter are determined by 

theoretical modelling and design rules 

specifications. Table 1 shows the filter design 

specifications.      

    

Table 1: Design Specification of The Bandpass 

Filter 

Symbol Parameters Values 

f0 Centre 

frequency 

60 GHZ 

f1 Lower 

frequency  

57 GHz 

f2 Upper 

frequency 

63 GHz 

BW Bandwidth  6 GHz 

IL Insertion Loss 2 dB 

LR Return Loss 10 dB 

LA Stopband 

Attenuation 

40 dB 

Chebyshev Response type - 

θ Electrical 

Length 

50o 

N Filter order 3 

Capacitor  Interdigitated - 

Technology CMOS 0.18 μm 

 

B. Lowpass Prototype Filter 

The low pass prototype is realised from lumped 

elements g1, g2 and g3 representing the capacitance 

of a shunt capacitor, and inductance of a series 

inductor for N = 3, where N is the filter order. The 

values of g0 and gn+1 represent the source generator 

and load impedance. For a lowpass prototype, the gi 

values are normalized to give g0 = 1 ohm and the 

cut-off frequency ωc = 1rad/s and are determined 

using the equation given in [39, 40]. Figure 3 shows 

a low pass prototype filter of the proposed 3rd order 

filter. 

 
Figure 3: 3rd order low pass prototype filter  

 

C. Replacement of Lowpass Series Element    

To replace the series element, a 90° phase-shifting 

networks of admittance K inverters is used to 

replace the series inductor by its equivalent circuit. 

Thus, the series lumped inductor is replaced by its 

equivalent circuit of a shunt capacitor with two K 

inverters as shown in Figure 4. 

Figure 4: Low pass prototype filter with admittance 

K-inverters 

 

The equations relating the g element values of the 

lowpass prototype to the impedance K-inverter 

prototype is given by (1), (2) and (3) [40]. 

 

 
    01

0 12o

K FBW

Z g g


=  

  (1) 

   

 
, 1

2
1

i i

o i i

K FBW

Z g g

+

+

= ; 
 i = 1, 2,…...N-1     (2) 

 

    

N,N+1

12o N N

K FBW

Z g g



+

=  (3) 



© OCT 2025 | IRE Journals | Volume 9 Issue 4 | ISSN: 2456-8880 
DOI: https://doi.org/10.64388/IREV9I4-1711457-8358 

IRE 1711457      ICONIC RESEARCH AND ENGINEERING JOURNALS          1816 

K12 and K23 are the impedance K inverter values 

between node 1 and 2; and node 2 and 3. The shunt 

capacitors (capacitances) values CL1, CL2 and CL3 are 

the resulting capacitance values given by (4) [42, 

43]. 

 

 
( )2 12

sin
2
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r
C

N


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r = 1,……..N               (4) 

 

D. Scaling and Transformation to Bandpass 

To realize a bandpass filter derived from a lowpass 

prototype filter, the lowpass filter is transformed to 

bandpass by scaling and transformation process 

applied to the lowpass prototype filter with 

normalised element values and cut-off frequency to 

converted it to a bandpass filter with the desired 

operating centre frequency and bandwidth. The 

lowpass filter lower (ω = -1) and upper (ω = +1) 

band edge frequencies are mapped into the bandpass 

lower (ω1) and upper (ω2) band edge frequencies. 

The mid-band frequency of the lowpass prototype at 

ω = 0 is mapped into the centre frequency in the 

passband of the bandpass filter. The transmission 

zeros of the lowpass prototype at infinity now occur 

at both ω = 0 and ω = ∞. The frequency 

transformation is achieved by using (5), (6), and (7) 

[44, 45]. 

 
' 0

0

1 u

uFBW

 


 

 
= − 

 

 
(5)  

 

    

  2 1

0

FBW
 



−
=  (6) 

 

 

Where ω0 represents the centre angular frequency, 

FBW denotes the fractional bandwidth, ω’ represents 

the normalised frequency of the lowpass prototype 

and ωu is the frequency at which minimum cut-off 

must be achieved (upper rejection frequency). The 

resulting bandpass filter with parallel resonators of 

elements Lp and Cp is shown in Figure 5. 

 

Figure 5: Transformation of lowpass to a bandpass 

filter 

The resulting element values of the parallel LC 

resonators in the BPF with the impedance scaling 

taking into consideration are given by (8) and (9) 

[44, 45] 
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Where γ0 = Zo/g0 is the impedance scaling factor, gi 

is the ith lowpass element value and ωc is the 

lowpass prototype filter cut-off frequency. The 

bandwidth scaling factor, alpha α and the 

propagation constant beta β are calculated using (10) 

and (11) respectively [43]. 
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where θo is the electrical length of the Combline 

resonator. The C is the capacitance of the Combline 

bandpass filter and Yr is the admittance of the rth 

resonator. The ωo and ∆ω values are given by (12) 

and (13) [43]. 

 

 2o of =  (12) 

  

2 f  =   
(13) 

 

E. Determination of Resonators Admittances 

The Combline structure is a distributed structure that 

consists of an array of coupled resonators with 

coupling between adjacent resonators. The shunted 

resonators with electrical length θo, ϕ is the length 

from the shunt end of the resonator to the ground and 

the tapped point, Ω = θ - ϕ is the length from the 

tapped point to the end of the resonator before the 

loaded capacitor, C1, C2 and C3 are the loaded 

capacitors for each resonator, Y1, Y2 and Y3 are the 

resonators line admittances, y12 and y23 are the 

characteristic admittances of the series shorted stubs 

between the resonators. Y0 is the characteristic 

admittance of the Combline. The distributed 

resonator model equivalent admittance is given by 

equation (14). The equivalent circuit of the proposed 

       
0 1 2 =  (7) 
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3rd order Combline bandpass filter is given in Figure 

5. 
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The resonator admittances and coupling admittances 

values are calculated from the equation given in (15) 

- (18). where the constant parameter nr is the 

admittance constant [43]. 
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The scaled impedances to 50 Ω of the resonators Zr 

and the coupling impedances Zr, r+1 between adjacent 

resonators is calculated directly from the admittances 

as given by equations (16) and (18). The equivalent 

circuit of the proposed 3rd order Combline bandpass 

filter is given in Figure 6.  
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Figure 6: Equivalent circuit of the proposed 3rd order 

Combline  bandpass filter with scaled impedance 

values. 

 

F. Determination of Resonators Admittances 

The physical dimensions of the bandpass filter are 

the length L, width W and thickness t of the 

resonators as well as the spacing or gap (G) between 

the resonators. However, for the Combline bandpass 

filter structure, the length of the resonator is the most 

important physical parameter as it is related to the 

passband centre frequency. The guided wavelength 

is given by (19) [43]. 
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where λ0 is the free space wavelength at the 

operating frequency and c is the speed of light (3.0 x 

108 m/s) in free space. The propagation constant β 

and phase velocity vp are given by (20) 
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The expression relating the physical length L of the 

resonator to the electrical length θo is given by (21) 

[46]. 

 o L =  (21) 

 

Therefore, the physical length is given by (22) [43, 

46]. 
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(22) 

For a tapped Combline bandpass filter, the tapped 

line is always taken to be of 50 Ω, and it is tapped 

points are located at a length of ϕ from the short-

circuited end of the resonator to the ground and it is 

given by (23) [47]. 
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Practical filters contain components with inherent 

finite resistance which affects the performance of the 

filter and are used to measure the quality of the filter. 

The effect of this resistance is related to the Quality 

factor or Q-factor. Q-factor is a measure of the loss 

in a filter which could be due to dielectric, 

conduction, and radiation. The quality factor is 

usually specified as unloaded-Q (Qu) and external-Q 

(Qe). For an Nth order filter, the Qu is given by (24) 

[43]. 
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The Combline bandpass filter external quality factors 

and coupling coefficients parameters are given by 

(25), (26) and (27) [1, 44]. 
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G. Parameter Extraction for Coplanar 

Effective dielectric constant εeff and characteristic 

impedance Zo are very important design parameters 

of a coplanar waveguide with a known dielectric 

substrate. The expressions to determine εeff and Zo 

are analytically derived based on conformal 

mapping techniques [48-50]. The εeff takes into 

consideration the geometry of a transmission line 

and it is always less than the dielectric constant εr. 

Figure 7 illustrates the cross-sectional view of 

Combline implemented in CPW structure. 

 

 
Figure 7: Cross-sectional view of the Combline 

CPW 

 

The figure shows the parameters of the coplanar 

waveguide structure with resonator width W, Gk, k+1 

is the gap between resonator k and k+1, a ground-to-

ground inner spacing of ‘a’, ground-to-ground outer 

spacing of ‘b’, silicon substrate thickness (h1) with 

relative permittivity εr1 = 11.9, silicon dioxide 

thickness (h2) with relative permittivity εr2 = 4.0, 

conductor thickness (t) and Wgnd as the width of the 

ground plane. The resonator width can be utilised to 

limit the conductor loss and the spacing between the 

resonator and ground plane determines the 

characteristic impedance, Zo.  The total capacitances 

Ccpw of the CPW structure is the summation of the 

partial capacitances C1, C2 and Cair in the partial 

regions as given by (28) [48]. 

 

 1 2cpw airC C C C= + +   (28) 

 

where C1 and C2 represent the partial capacitances of 

the CPW within the two dielectric layers present. 

Cair represent the partial capacitance with the 

absence of all the dielectric layers. The effective 

permittivity and characteristic impedance of the 

structure are given by (29) and (30) [48].  

 
CPW

eff

air

C

C
 =  

(29) 

 

 

0

1

air eff

Z
cC 

=  (30) 

 

where c is the velocity of light in free space. For a 

coplanar waveguide structure with a very thick 

substrate and no ground on the backside and with 

perfect conductors, the effective dielectric constant 

is approximately equal to the average of the 

dielectric constant of the substrate as given by (31) 

[46]. 
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


+
=  (31) 

 

III. IMPLEMENTATION OF THE BANDPASS 

FILTER 

 

After the synthesis of the bandpass filter using the 

appropriate equations, the filter equivalent circuit 

was simulated in Keysight ADS software to predict 

the filter response. Electromagnetic field simulator 

software is used to design the 3D model. The 

computer simulation technique (CST) microwave 

studio was used to simulate the large-scale prototype 

and the High-Frequency Structural Simulator 

(HFSS) was used to simulate the proposed 

miniaturised CMOS compatible bandpass filter. 

 

A. Equivalent Circuit Model Implementation 

Table 2 shows the calculated resonator impedances to 

ground Zr, coupling impedance values between the 

Combline resonators Zr, r+1 and the capacitance “C” 

value, respectively. 

 

Table 2: Resonator Impedances and Coupling 

Impedances 

Symbol Values Unit 

Z0 117.4586                   Ω 

Z1 119.2874 Ω 

Z2 69.9905 Ω 

Z3 119.2874 Ω 

Z4 117.4586 Ω 

Z01 87.0598 Ω 

Z12 350.1183 Ω 

Z23 350.1183 Ω 

Z34 87.0598 Ω 

C 4.4516 x 10-14 F 
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Figure 8 shows the Chebyshev Combline bandpass 

filter designed and simulated in ADS using 

transmission lines sections of electrical length 50o.  

 

 

Figure 8: ADS Equivalent model of the bandpass 

filter. 

 

The generated s-parameter response of the 

Chebyshev bandpass filter is based on the modelling 

parameters using the MAPLE software tool and the 

ADS equivalent schematic implementation as shown 

in Figure 9 and Figure 10.  

 

Figure 9: MAPLE S-Parameter response 

Figure 10: ADS S-parameters response 

IV. THE CMOS 3D MODEL LAYOUT DESIGN 

 

The 3D model layout of the bandpass filter was 

designed using the High Frequency Structure 

Simulator (HFSS), a finite element electromagnetic 

simulator from ANSYS. Figure 3.20 shows the 

complete process flow of ANSYS HFSS layout and 

simulation implemented in the filter design.  

 

 
Figure 11: Process flow of ANSYS HFSS 3D 

Layout 

 

The CMOS 3D layout of the coplanar waveguide 

model is the 3D model which is the proposed 

bandpass filter in terms of the physical design and 

the properties of the materials compatible with the 

CMOS process technology as show in Figure 12 and 

Figure 13.  

 

 
Figure 12: Schematic design of the top view 

 

The CMOS process requires four layers of material 

design compatibility which are: the silicon (Si) 

substrate of the relative permittivity of 11.9, silicon 

dioxide (SiO2) of relative permittivity 4.0, 

Aluminum (Al) conductor of the relative 

permittivity of 1.0 and lastly, the passivation layer is 

made of Silicon Nitride (Si3N4) of the relative 

permittivity of 7.0.  Also, the G-S-G pads are 

introduced for RF input/output. 
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Figure 13: The 3D CMOS CPW bandpass filter 

 

Table 3 and Table 4 show the values of the various 

physical dimensions of the proposed CMOS 

compatible filter and the interdigitated capacitor. 

 

Table 3: Dimension of the CMOS CPW IDC 

Symbol 
            

Parameter 
Values 

N                    Number of 

fingers                 

             7 µm 

Wf                 Finger width 2.7 µm 

Sf Fingers Spacing 1.8 µm 

Lf Length of 

fingers 

15 µm 

WT Terminal strip 

width 

2.2 µm 

WFI Input line width 10.7 µm 

LFI Input line length 8.6 µm 

Gef Finger end of 

Gap 

    2 µm 

Lc Capacitor length 36.4 µm 

Wc  Capacitor width 29.7 µm 

   

 

Table 4: Physical Dimensions of the CMOS Filter 

Symbol Parameters Values 

H Substrate Height                 710 μm 

tr Resonator 

thickness 

0.975 μm 

Lr Resonator length 362.0 μm 

Wr Resonator width    17.9 μm 

Gr Resonator Gap   30.0 μm 

Si3N4 Passivation 

thickness 

  1.75 μm 

SiO2 Silicon Dioxide      40 μm 

LP Pad length     1.0 μm 

Wp Pad width    100 μm  

Gf Feed gap    100 μm 

WF  Feed Line Width    7.0 μm 

LF Feed Line length  10.5 μm 

       WG       Ground width                       100 μm 

        ϕ         Tapped point                            90 μm 

Figure 14 shows the filter achieves a passband 

insertion loss performance of 0.03 dB and return 

loss performance better than 29.4 dB in the 

passband. The lower edge rejection is better than 60 

dB at DC and upper edge rejection of 33.6 dB and 

transmission zero at 76.6 GHz. The equal ripple 

bandwidth is 9.8 GHz within a frequency range of 

57.9 - 67.7 GHz with a fractional bandwidth of 

16.3% 

 

Figure 14: HFSS Simulation s-parameter response. 

 

A. CMOS 0.18μm Design Rules Implementation 

CMOS technology has many design rules that must 

be satisfied. These rules depend on the chosen 

process technology. They are the three most 

important rules that apply to all the processes for 

designing any passive components. The three rules 

are stated as follows: 1) Maximum Metal Track 

Rule or “Wide Rule” requires the use of metal slots 

for any metal width that exceeds 35 µm. 2) 

Minimum Metal Density Rule: The minimum metal 

density of 30% for the total fabricated area or metal 

dummies should be periodically inserted. 3) 

Minimum Metal Layer Rule: Requires device to be 

fabricated to occupy a minimum of three metal 

layers with each metal layer separated by silicon 

dioxide as an insulator. These three rules must be 

satisfied for the device to be fabricated to pass the 

design rule test. To meet these rules, the proposed 

miniaturised Chebyshev coplanar waveguide 

Combline bandpass filter model presented in Figure 

13 is modified to the model shown in Figure 15.  
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Figure 16: CMOS design rules consideration model 

 

Figure 17: Top view of the CMOS model with metal 

slots 

 

Figure 18: Sectional view showing metals and oxides 

layers. 

Figure 19: The 3D model showing vias interconnect. 

 

Figure 20 shows the E-field intensity distribution of 

the bandpass filter at the centre frequency of 60 

GHz. The red colour area indicates the high current 

density areas with strong coupling electric field 

while the bright colours (Blue, Green and yellow) 

area indicates low current density with low or weak 

coupling electric field. The simulated conductors are 

perfect conductor; therefore, all electrons are at the 

conductor surface. There is no electric field inside 

the conductor. The operating frequency of 60 GHz 

is in the passband; there are strong RF fields 

coupled between resonators.  

 

 
Figure 20: Current density/E-field intensity 

distribution across the Bandpass Filter 

 

Figure 21 shows the mesh overlay of the bandpass 

filter. 

 

 
Figure 21: HFSS Mesh overlay plot of the bandpass 

filter 

 

Figure 22 shows the s-parameter response of the 3D 

miniaturised CMOS compatible coplanar waveguide 

Combline bandpass filter with the design rules 

implemented. The response shows a slightly 

degraded performance with the consideration of the 

CMOS design rules in terms of the the shift the 

center frequency, insertion loss (S11) and return loss 

(S21) performance when compared to the response 

without the design rules considerations of Figure 12. 

This degraded performance can be attributed to the 

two dummy metal layers (MET1 and MET2) and 

metal slots inserted periodically in the structure to 

satisfy the design rules. This can also be attributed 

to the vias used to create a thick metal around the 

ground plane for linearity.  
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Figure 22: S-parameter response at 66GHz. 

 

An insertion loss (IL) of 0.22 dB and return loss 

(RL) of 14.26 dB is achieved when compared to the 

insertion loss of 0.03 dB and return loss of 29.4 dB. 

However, a better stopband attenuation (SBA) of 

47.2 dB is achieved at 84.2 GHz when compared to 

stopband attenuation of 33.5 dB achieved at 76.6 

GHz when compared to the model without design 

consideration. To provide resonance at a centre 

frequency of 60 GHz, the resonator length is tuned 

to 401µm. The filter total size measures 619.6 μm 

by 334.7 μm while the core size measure 439.6 μm 

by 127.7 μm. The S-parameter response is shown in 

Figure 23. 

 

 

Figure 23: S-parameter response at 60GHz 

 

 

 

IV         DESIGN RULE CHECK AND PHYSICAL 

VERIFICATION PROCESS. 

 

The simulated 3D model is then tapped-out in 

GDSII file format for design rules verification, 

physical violation checks using the XFAB XC0.18 

μm CMOS process technology which can be 

fabricated in the foundry. Figure 24 shows the 

GDSII MET1-MET2-METTP metal layout of the 

3D model. The result of the design rule and physical 

verification check is given in Table 6. 

Figure 24: GDSII three layers layout of the 3D 

model. 

 

As shown in the result, the design rule violation 

check was done for four models 

(SINGLE_LAYER_16, SINGLE_LAYER_33, 

THREE_LAYER_1 AND THREE_LAYER_2) of 

the miniaturised CMOS coplanar waveguide 

bandpass filter in the XFAB Foundry, Sdn, BhD 

using the XC0.18 μm and XP0.18 μm CMOS 

process technology. 

 

Table 6: Design rule check and physical verification 

results 

 



© OCT 2025 | IRE Journals | Volume 9 Issue 4 | ISSN: 2456-8880 
DOI: https://doi.org/10.64388/IREV9I4-1711457-8358 

IRE 1711457      ICONIC RESEARCH AND ENGINEERING JOURNALS          1823 

From the results obtained, the four models have no 

design rules violations based on the XC0.18 μm 

CMOS process technology.  Therefore, it means the 

four models passed the design rules and physical 

verification checks. Therefore, are compatible with 

the XC0.18 μm process technology. When designing 

using the CMOS technology design rules, violations 

can be rectified in the model or waived based on the 

severity and provided there are no fatal violations. 

Table 7 Shows performance comparison of CMOS 

bandpass filters from the literature.  

 

Table 7: Performance Comparison of CMOS 

Bandpass Filters from the Literature with the 

Proposed Filter. 

 
 

V. CONCLUSION 

 

 In this paper, a miniaturised CMOS compatible 

coplanar waveguide Combline bandpass filter for 60 

GHz millimetre wave for 5G application is 

presented. The simulated result for the miniaturised 

CMOS single metal layer bandpass filter shows an 

insertion loss of 0.03 dB, return loss better than 29 

dB and a core chip size of 400.6 μm x 127.7 μm. 

Three metal layers model with CMOS design rules 

consideration shows an insertion loss of 0.45 dB and 

return loss better than 10.8 dB with a core size of 

439.6 μm x 127.7 μm at 60 GHz millimetre-wave 

frequency band. The models show comparable or 

better performance with those reported in the 

literature which means the proposed Coplanar 

waveguide bandpass filter is a good candidate for 

millimetre-wave 5G application. 

 

APPENDIX 

A. CMOS XC0.18μm Layout and Design 

Rules Consideration 

The design rules are a set of layer-by-layer process 

control structural and geometrical parameters or 

rules that must be satisfied to enable the device to 

pass the technology design rules checks and physical 

verification test such as metal width, spacing and 

thickness specifications.  

 

Table 3.6: CMOS 0.18 μm Technology Width 

Design Rules 

 

 

Figure 25: Standard metal layers of XC0.18μm 

CMOS technology 

 

Table 3.7: Process control (Structural and 

geometrical) parameters 

 
 

 

 



© OCT 2025 | IRE Journals | Volume 9 Issue 4 | ISSN: 2456-8880 
DOI: https://doi.org/10.64388/IREV9I4-1711457-8358 

IRE 1711457      ICONIC RESEARCH AND ENGINEERING JOURNALS          1824 

 
Figure 26: Design rule check and physical 

verification process. 
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