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Abstract—In this paper, a novel on-chip circuit design 

approach is proposed using hybrid coupling technique. Taking 

advantage of this technique, a microwave bandpass filter (BPF) 

is proposed as a design example for proof-of-concept. Based on 

stub-loaded stepped-impedance transmission lines (TLs) and 

folded stepped-impedance meander line from different metal 

layers, the proposed BPF can generate three transmission zeros 

(TZs) and two transmission poles (TPs), which are excited 

through the hybrid mutual couplings between the inductive 

and capacitive metals. To understand the principle of this 

configuration, an equivalent LC-circuit model is presented and 

simplified, of which the TZs and TPs of the proposed BPF are 

estimated by the extracted transfer function. The calculated 

results exhibit good agreements with the simulated and 

measured ones. In addition, the bandwidth and center 

frequency of the proposed BPF can be tuned flexibly. Finally, to 

further demonstrate the feasibility of this approach in practice, 

the structure is implemented and fabricated in a commercial 

0.13-μm SiGe (Bi)-CMOS technology. The measurement 

results show that the proposed BPF, whose chip size is 0.39 mm 

× 0.45 mm (excluding the test pads), can realize a wide 

bandwidth from 19.7 GHz to 33.2 GHz with return loss of 15.8 

dB and insertion loss of 3.8 dB at the center frequency of 26.5 

GHz. 

 
Index Terms—Bandpass filter (BPF), capacitive coupling, 

magnetic coupling, microwave, mutual coupling, on-chip devices. 

I. INTRODUCTION 

In the past decades, design of high-performance integrated 

circuits operated at the so-called microwave region has 

attracted enormous attentions. Taking advantage of the fact 

that low-loss and compact passive structures can be fully 

integrated with active devices on the same chip, many 

advanced building blocks, such as power dividers [1], 

antennas [2], rectennas [3], and bandpass filters (BPFs) 

[4]-[9], have been successfully implemented in advanced 

semiconductor technologies. In wideband application 

systems, such as ultra-wideband communication systems and 

sensing systems, local oscillator is required to be designed 

with a wide frequency tuning range, which may require the 
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designed BPF with relatively wide bandwidth [10-11]. It is 

desired to effectively utilize the provided multi-metal layers 

to achieve advanced features such as multi-mode [12] or 

multi-order [13] constructions. Nevertheless, these steps 

compose a challenge in microwave IC designs, because the 

mutual coupling techniques play a significant role on 

performance elevation of not only a single circuit element 

but also the whole system. 

Admittedly, mutual coupling is an inevitable interaction 

among different building blocks as well as devices, 

particularly, with passive devices laid in a dense area. As an 

important technique, mutual coupling can be used for various 

implementation of circuits where advances are desired with 

the features of multiple transmission zeros (TZs), multiple 

transmission poles (TPs) for the measure of wide bandwidth, 

sharp roll-off and superior harmonic suppression with 

compact layout and low insertion loss. However, mutual 

coupling is complex for the microwave on-chip circuit 

designs. It might bring undesirable parasitic effects among 

metals and crossing layers, consequently degrading the 

overall performance of the system. 

As an indispensable step, an accurate and effective 

equivalent circuit model is the foundation of applying mutual 

coupling techniques [14]-[20]. In [17]-[18] two 

ultra-compact BPFs based on a pair of broadside-coupling 

meander lines are designed and analyzed with their 

equivalent circuits, where the inductive coupling is 

represented by coupling coefficient and the capacitive 

coupling by lumped capacitors. However, there are still 

limitations in terms of the number of TPs and TZs [17] and 

out-of-band rejection [18]. In [19]-[20], the magnetic mutual 

couplings are represented by metal inductors indicating a 

promising solution for microwave on-chip circuit designs. 

Nevertheless, the presented coupling technique is based on 

edge-coupled structures in III-V technologies, which might 

not be an effective solution in Silicon technologies. The loss 

tangent of a typical Silicon substrate is 10 times higher than 

its III-V counterparts. Moreover, a commercial III-V process 

only has one metal layer for design, of which the strictly 

required full ground configuration is fully-different from the 

commercial CMOS technologies. Therefore, the mutual 

coupling techniques are expected to be well studied for 

achieving the advanced features with minimized side effects 

from parasitic and lossy substrate. 

To effectively apply the mutual coupling techniques into a 

complex on-chip circuit design, this paper introduces a 

generic circuit analysis and design approach, which can 

predict mutual coupling behaviors between passive 

structures. Using the proposed hybrid coupling techniques, 

the designed BPF can realize three TZs and two TPs at the 
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designed frequencies. An equivalent circuit of the designed 

BPF is demonstrated interpreting the magnetic and 

capacitive coupling effects. For verification, a novel BPF 

employing hybrid coupling techniques is implemented and 

fabricated in a standard 0.13-μm SiGe (Bi)-CMOS 

technology. The designed BPF has the capability of 

independent frequency-tuning of the realized TZs and TPs, 

as a result of the mutual coupling effect, which approves that 

the bandwidth and center frequency of proposed BPF can be 

adjusted flexibly. The two TPs and three TZs are formulated, 

of which the calculated resonant frequencies indicate good 

agreement with the simulated results of both the 

electromagnetic (EM) structure and equivalent circuit model. 

The measured results of the proposed BPF show competitive 

performance compared with the state-of-the-art works [5], 

[9], [12]-[13], [18] and [20]. 

II. BPF USING HYBRID COUPLING TECHNIQUE 

A. Bandpass Filter Overview 

In Fig. 1(a), the metal stack-up of the selected 0.13-μm 

SiGe (Bi)-CMOS technology is presented. Seven metal 

layers and metal-insulator-metal (MIM) capacitor are 

available for circuit design. The MIM layer is located 

between TM1 and M5. In this work, the TM2, TM1 and M1 

layers are employed to design the BPF, where M1 is used as 

the RF ground. The TM2 and TM1 layers are utilized to 

realize the hybrid coupling. The 3-D view of TM2 and TM1 

layers of the designed BPF is depicted in Fig. 1(b). The top 

two metal layers with conductance of 3.03×107 S/m (metal 

thickness of 3 µm) and 2.78 ×107 S/m (metal thickness of 2 

µm), respectively, are used to construct the signal path of the 

BPF. Two loaded metal stubs on the TM2 are connected to 

the shielding ground, which are not given in Fig. 1(b) for a 

better visibility. To construct the shielding ground, all metal 

layers are stacked. The layouts of TM2 and TM1 layers are 

shown in Fig. 1(c) and (d), respectively. Fig. 1(e) shows the 

2-D view of the BPF with shielding ground. As illustrated, 

the presented BPF consists of two stepped-impedance 

transmission lines (TLs) loaded with an open-ended bending 

stub and a short-ended one on the top metal layer TM2, as 

well as a folded stepped-impedance meander line on the 

second metal layer TM1. The physical dimensions of the 

proposed BPF are tabulated in Table I. 
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Fig. 1. Designed BPF: (a) metal stack-up of the applied 0.13-μm SiGe 

(Bi)-CMOS technology, (b) 3-D view of TM2 and TM1 layers, (c) 2-D view 

of TM2 layer, (d) 2-D view of TM1 layer, and (e) 2-D view of the presented 
structure with shielding.  

 

TABLE I 
DIMENSIONS OF THE PROPOSED BPF 

Symbol W W1 W2 W3 W4 

Value 15μm 9μm 8μm 9μm 40μm 

Symbol W5 W6 L L1 L2 

Value 36μm 10μm 60μm 140μm 66μm 

Symbol L3 L4 L5 L6 L7 

Value 132μm 34μm 32μm 220μm 170μm 

Symbol L8 L9 L10 L11 L12 

Value 38μm 160μm 210μm 16μm 115μm 

Symbol L13 L14 L15 S S1 

Value 110μm 36μm 282μm 6μm 6μm 
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B. Hybrid Coupling Technique in Extraction of Equivalent 

LC-Circuit Model 

 
To facilitate the analysis of the proposed on-chip BPF, an 

equivalent circuit based on hybrid coupling technique is 

presented and discussed. Fig. 2(a) presents the equivalent 

LC-circuit model of the presented EM structure, where the 

high-impedance lines and the capacitive couplings are 

represented by inductors and capacitors, respectively. 

Inductors connected in series or parallel can be merged into 

one inductor element represented as the self-inductance Li 

(i=1, 2, 3, 4). Moreover, the hybrid couplings between the 

two metal layers are shown as capacitors and mutual 

inductors representing the capacitive and magnetic couplings, 

respectively. As shown in Fig. 2(a), the mutual inductance 

between L1 and L2 is denoted by M12, while the mutual 

inductance between L3 and L4 is represented by M34. C1 and 

C4 represent the capacitive couplings between different TLs 

in the same layer. C2 and C3 represent the capacitive 

couplings between TM2 and TM1 layers. Furthermore, the 

equivalent LC-circuit model of the proposed BPF is 

simplified as demonstrated in Fig. 2(b). 
 

C. Analysis of Equivalent LC-Circuit Model 

For circuit analysis, some steps are taken to the simplified 

equivalent LC-circuit model of the proposed BPF. As 

depicted in Fig. 3, the input and output probes, whose 

impedance values are both 50 Ω, are demonstrated in the 

circuit and represented as Z0. Moreover, in order to remove 

the mutual inductances, an equivalent current-controlled 

voltage source (CCVS) is introduced to replace the mutual 

inductance M12. The mutual coupling between the inductors 

L3 and L4 can be decoupled by introducing an additional 

inductance |M34| in the branch connected to joint point 

between L3 and L4, as shown in Fig. 3. The sign of |M34| is 

subject to the sign of the coupling coefficient. Then, nine 

loop currents Ii (i=1, 2, …, 8, 9) are marked in Fig. 3. The 

coupling coefficients of the Part 1 and Part 2 of the 

equivalent LC-circuit model are opposite, since the assumed 

directions of the loop currents flowing through the lumped 

inductors L1 and L2 are opposite. The relationship between 

the coupling coefficient K and mutual inductance M can be 

expressed as follows [21]: 

ij

ij

i j

M
K =

L L

                                    (1) 

where Li and Lj denote self-inductances of two inductors, Mij 

and Kij are mutual inductance and coupling coefficient 

between them (i, j=1, 2, 3, 4), respectively. Therefore, the 

mutual inductance values of the Part 1 and Part 2 of the 

equivalent LC-circuit model are opposite. Then, a simplified 

equivalent circuit model can be obtained by removing the 

magnetic coupling between the coupled inductors, as shown 

in Fig. 3. 

The frequencies of TZs and TPs can be calculated based 

on the transfer function of the equivalent circuit model of Fig. 

3. Applying Kirchhoff’s voltage law (KVL), the voltage 

equations of the nine loops are expressed as: 
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Fig. 3.  Schematic of the equivalent circuit model. 
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Fig. 2.  (a) Equivalent LC-circuit model based on layout and (b) simplified 
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where Uin and Uout denote the input and output voltages, 

respectively. s is a complex variable in proportion to angular 

frequency ω. Therefore, the transfer function of the equivalent 

circuit model in Fig. 3 can be written as: [21] 

 
 

 

 

 
out out

in in

U s U jω
G s = =

U s U jω

                   (11) 

where ω denotes angular frequency and j is a pure imaginary 

unit number. Using MATLAB, the transfer function 

represented by complex variable s, coupling coefficients Kij and 

lumped LC-elements can be deduced by solving equations 

(2)-(10). Then, the numerator and denominator of the transfer 

function are extracted. The frequencies of TZs and TPs can be 

calculated by solving the equations Uout(jω) = 0 and Uin(jω) = 0, 

respectively. Therefore, three TZs fzi (i=1,2,3) and two TPs fpi 

(i=1,2) can be obtained through the calculations. 

D. Distribution of Transmission Zeros and Poles 

To understand the impact of the coupling coefficients and 

lumped components on the distribution of the TZs and TPs, the 

 
frequency responses of TZs and TPs versus different values of 

the lumped elements and coupling coefficients are exhibited in 

Fig. 4. For summary, Table Ⅱ is provided, where the gray 

blocks mean that TZ or TP remains almost unchanged with a 

varying parameter of coupling coefficient Kij or lumped 

LC-element. The yellow blocks mean that when the parameter 

rises up, the TZ or TP has a slight variation. Furthermore, red or 

green blocks represent the positive or negative correlation 

between the parameters and TZ or TP, respectively. Table II 

gives an overall demonstration about the distributions of the 

TZs and TPs, which are useful to understand the center 

frequency specification, bandwidth control and stopband 

attenuation. 

To obtain the mathematical expressions of the TZs and TPs, 

the assumption has to be made by eliminating the components 

having less impact on the resonant frequencies in Uout(jω) and 

Uin(jω). According to Table II, the components highlighted in 

gray and yellow are removed for fzi (i=1,2,3) and fpi (i=1,2), 

respectively. 

Since s=jω=j2πf, the three TZs fzi (i=1,2,3) and two TPs fpi 

(i=1,2) can be obtained by solving the equations Uout(jω) = 0 

and Uin(jω) = 0, respectively. Finally, the expressions of three 

TZs and two TPs are obtained as (12)-(16): 

TABLE Ⅱ 

RELATIONSHIPS BETWEEN PARAMETERS AND TZS OR TPS 

 L1 L2 L3 L4 K12 K34 C1 C2 C3 C4 

fz1 ↗ ↘ — — ↘ — ↘ ↗ ↗ ↗ 

fp1 — ↘ — ↘ ↗ — ↘ ↗ ↗ ↗ 

fp2 ↗ — ↘ — ↘ — ↗ — ↘ ↘ 

fz2 ↗ — ↘ — ↘ ↘ — ↘ ↘ ↘ 

fz3 ↘ — ↘ ↘ ↘ ↗ — ↘ ↘ — 

—: not much impact; ↗: positive correlation; ↘: negative correlation. 
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Fig. 4.  Resonant frequencies of the transmission zeros and poles of the presented BPF by varying (a) L1, (b) L2, (c) L3, (d) L4, (e) K12, (f) K34, (g) C1, (h) C2, (i) 

C3 and (j) C4. 
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Substituting the values of the lumped elements and coupling 

coefficients in (12)-(16) with the ones extracted from the 

simulation results in ADS, the estimated TZs and TPs are 4.9 

GHz, 54.6 GHz, 59.6 GHz, 17.6 GHz and 32.2 GHz, 

respectively. To validate the calculated results above, the 

simulation results of the EM structure and the proposed 

equivalent LC-circuit model are compared with the calculated 

ones, as shown in Fig. 5, where the EM simulation result was 

achieved by HFSS and the schematic simulation one was 

achieved by ADS. It is obvious that the simulated results of 

equivalent LC-circuit model of the BPF can match the ones of 

the EM structure. The difference between the schematic and 

EM simulated results are likely due to the discrepancies of the 

quality factors between the ideal components and EM structure, 

where the lumped components are lossless elements in the 

schematics. In terms of the calculated ones, although there are 

some frequency mismatches, due to the assumption condition 

 
made during calculation by removing the less related elements, 

the calculated results still agree well with the simulated ones. 

III. MEASUREMENT RESULTS 

The performance of the designed BPF is measured via an 

on-wafer G-S-G probing from 1 GHz up to 67 GHz with the 

help of a vector network analyzer E8361A and N5260-60003 

from Agilent. As demonstrated in Fig. 6, compared with the 

simulated results achieved by HFSS, the measured insertion 

loss and return loss are 3.8 dB and 15.8 dB at the center of 26.5 

GHz, respectively. A 3-dB bandwidth is achieved from 19.7 

GHz to 33.2 GHz. The Thru–reflect–line (TRL) calibration 

structures were fabricated on the same chip and used for 

de-embedding. Besides, a die photo of the designed BPF is 

shown in Fig. 7. Excluding the testing pads, the size of the chip 
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Fig. 6.  Simulated and measured frequency responses of the BPF. 
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Fig. 7.  Die photo of the proposed BPF. 
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Fig. 5.  Simulated frequency responses of the BPF (by HFSS) and the 

simplified equivalent LC-circuit in Fig. 2(b) (by ADS, where L1= 589 pH, 

L2=660 pH, L3=546 pH, L4=20 pH, M12=421pH, M34= 23pH, C1=60 fF, C2=27 

fF, C3=28 fF, C4=4 fF). 
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is 0.39 × 0.45 mm2. The performance comparisons between this 

work and some other state-of-the-art designs are illustrated in 

Table Ⅲ. As can be seen, the designed BPF has the merits of 

multiple transmission zeros and poles with a compact size. 

IV. CONCLUSION 

In this paper, using hybrid coupling technique, a compact 

on-chip BPF is designed and analyzed. Three TZs and two TPs 

are generated by the presented single-element structure. In 

addition, the bandwidth and center frequency of the designed 

BPF can be tuned in a flexible way by simply adjusting the 

corresponding lumped elements or coupling coefficient in the 

equivalent LC-circuit model. Solving the transfer function of 

the circuit model, the expressions of TPs and TZs can be 

estimated for flexible control of the passband and stopband the 

bandwidth. An EM simulator is used to optimize the dimension 

of BPF. The designed BPF is implemented and fabricated in a 

standard 0.13-μm SiGe (Bi)-CMOS technology. Good 

agreement between the simulated and measured results has 

been obtained. Based on the results, we could conclude that the 

presented approach can be used as a guideline for passive 

device implementation, where coupling between metal strips 

play a dominant role, such as BPF. 
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