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I. INTRODUCTION 

The insertion loss and the bandwidth of integrated on-
chip filter are limited by the low quality factor of on-chip 
inductors. At 5GHz, inductor Q typically ranges from 5 to 
15. To overcome this problem, Q-enhanced LC bandpass 
filters have been studied [1-3]. A critical problem faced 
with this type of on-chip filter is the high power 
consumption required to achieve low insertion loss and 
acceptable dynamic range. At higher frequencies this 
problem gets worse since inductor Q typically is smaller. 

Capacitive termination in the resonators reduces the 
required length of the transmission line; while periodic 
capacitive-loading reduces wave-velocity and wavelength 
to a fraction of the already reduced value. Similar 
techniques are employed for VCO design in a compact 
5GHz standing-wave resonator-based VCO reported [4]. 
A higher Q is achieved since a short transmission line has 
low substrate and Ohmic losses. Finally, the insertion loss 
is further reduced with a simple Q-enhancement scheme. 

II. FILTER DESIGN 

As shown in Figure 1(a), the prototype direct-coupled 2-
pole filter consists of two resonators, a negative 
transoductance (gm) and matching circuits. A coupled 
resonator structure similar to that proposed and 
implemented on a Duroid substrate in [5] is adopted.  To 
make this resonator structure practical for on-chip 
implementation, techniques are introduced to improve and 
enhance-Q. Standing-wave resonators (with simulated Q 
of 35) are used to reduce the insertion loss and power 
consumption. Negative gm circuits are utilized to overcome 
loss in the resonators, so that the insertion loss is further 
reduced. Matching circuits are used to form 50 Ohms 
input and output impedances. 

The equivalent circuit of the coupled resonators is 
shown in Figure 1(b), where the series L-C on the left and 

right is equivalent circuit of a Q-enhanced resonator. 
Coupling between resonators is predominantly magnetic, 
since at resonance the electrical field in the resonators is 
maximized near the open-gap side while the magnetic 
field is maximized at the opposite side [5]. This magnetic 
dominant coupling can be modeled as an inductor-formed 
impedance inverter in Figure 1(b).   

 

 
(a) 

 
(b) 

Figure 1: (a). Block diagram of the direct coupled 2-pole filter. 
(b). Equivalent circuit of coupled resonators. 
 

Figure 2(a) shows the side view of the resonator which 
consists of a thick metal rectangular open loop over a thin 
floating metal shield. To reduce Ohmic losses, the metal 
conductor of the resonator is formed with the top three 
metal layers, shorted together with vias. A floating metal 
shield is formed with floating metal strips, with each strip 
formed with strips in each of the lower five metal layers 
connected in parallel. The strip structure breaks induced 
Eddy currents. When the resonator is differentially 
connected, the floating metal shield is a virtual ground, 
which provides a better shield to the lossy substrate. The 
top of the floating metal shield is relatively close to the 
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conductor (only 1.4µm away), so that the shield 
deliberately loads the resonator with capacitances. The 
transmission line with a close by metal shield can be 
modeled as an LC ladder (Figure 2(b), where L is series 
inductance per unit length and C is shunt capacitance per 
unit length). Capacitors Cp model the capacitor between 
transmission line and shielding layers. The new equivalent 
capacitance is C+Cp and the phase velocity is: 
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which is smaller than without metal shielding. This 
introduces the slow-wave effect [6]. (H.M. Barlow [7] 
first demonstrated the slow wave effect by placing an 
array of uniformly spaced parallel wires along a 
rectangular waveguide.) Since wave-velocity and 
wavelength are reduced, the slow wave effect allows size 
to be reduced, and the quality factor to be increased. 
 

 
(a) 

 
(b) 

Figure 2: (a) Capacitively-loaded slow-wave transmission line 
resonator; (b) Transmission line with metal shields and the 
corresponding equivalent circuit. 

 
In this work, the length of the transmission line is 

shortened to below a half wavelength at resonant 
frequency by terminating the differential transmission line 
with capacitors. Normally the length of a resonator 
transmission lines at resonance is λ0/2.  However as 

predicted in [8], shorter transmission lines have a larger Q 
at resonant frequency. A shorter transmission line can be 
used to achieve the same resonance frequency if the ends 
of the shorter transmission line are terminated with 
capacitance [9]. Figure 3 shows the equivalence between 
capacitor loaded transmission line resonator and unloaded 
transmission line resonator. The relationship between 
loading capacitor and reduced transmission line length is 
determine by  
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where θ2 is the effective reduction in electrical length (a 
multiple or submultiple of the wavelength), ω is the 
resonant frequency, and Z is the impedance [8]. 
 

 
Figure 3: (a) Unloaded transmission line resonator. (b) Loaded 
transmission line resonator. 
 

To achieve an optimum Q for a given resonance 
frequency, the tradeoff between line length and 
capacitance is optimized following the methods described 
in [4]. In the final design, capacitors of 3pF are loaded at 
the two ends of the resonator transmission line. The 
combination of the slow-wave-effect and capacitive 
loading at the ends reduces the length of the transmission 
line to only 0.04λ0 (λ0 is the wavelength in free space).  
The coupling coefficient between the two resonators is 

determined using the pole splitting method [5] in 
conjunction with a 3D EM simulator (Zeland IE3D). In 
the pole splitting method, the relationship between the 
frequency separation of the poles and the coupling 
coefficient is determined by: 
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where fa and fb are the frequencies of the two poles, Lm and 
L are the inductance values in the equivalent circuit  
shown in Figure 1(b). Figure 4 shows the coupling 
coefficient (K) as a function of the horizontal distance 
between two resonators. Based on these values a 2-pole 
Chebyshev bandpass filter is designed. The simulated 
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filter center frequency is 5.2GHz and the bandwidth is 
8%. 
 

 
Figure 4: Simulated coupling coefficients as a function of the 
horizontal separation between the resonators 

III. Q-ENHANCED CIRCUIT AND IMPEDANCE MATCH 

Figure 5a shows schematics of the negative gm circuit 
and matching circuit blocks in the filter block diagram. 
The cross-coupled FETs introduce negative resistance. 
Current reuse due to the use of NMOS and PMOS cross 
coupled FETs improves power efficiency. Two sets of 
capacitors (C1-C4) with a impedance transformation ratio 
of 4impedance match resonator high impedance to 50 
Ohms (Figure 5b). These capacitors also form loading 
capacitors (Ct in Figure 5b) at the ends of resonators.  
 

 
(a) 

 
(b) 

Figure 5: (a) Q-enhacement and matching circuit schematic (Rp 
and Rn are connected the resonator). (b) impedance 
transformation. 

IV. MEASUREMENT RESULTS 

The prototype is fabricated in an 8-level-metal 0.13µm 
CMOS process with a 4µm thick top aluminum layer. A 
die micrograph is shown in Figure 6. The filter occupies 
0.3mm2 and the total die area including pads is 0.6mm2. 
The filter transfer S21 characteristic, measured with GSSG 
probes, is shown in Figure 7. An insertion loss of 0dB is 
achieved at 5.03GHz with 9.7% 3dB bandwidth. To 
measure the in-band IIP3, two signals close in frequency 
(one at 5GHz and the other at 5.1GHz) at different power 
levels were introduced into the filter. Care was taken to 
ensure the third-order IM lies well within the filter 
passband. For the out-of-band case, two out-of-band 
signals (one at 5.6GHz and the other at 6.2GHz) at 
different levels were introduced into the filter, again 
keeping the third-order IM well within the filter passband. 
Figure 8 shows the measured IIP3, where the in-band and 
out-of-band IIP3 are -8.0dBm and 7.8dBm, respectively.  

 
Figure 6: Die micrograph. 
 
The filter core draws 2.4mA from a 1.2V supply. Table I 

summarize the measured performance of the on-chip filter. 
This prototype is compared with other recently published 
Q-enhanced filters. This prototype on-chip resonator 
based filter outperforms most recently published CMOS 
on-chip filter in terms of power consumption and die area. 
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Figure 7: Measured and simulated filter transfer response. 

 

 
In-band IIP3  out-of-band IIP3 

 
 

Figure 8: Measured in-band, out-of-band IIP3, and 
corresponding output spectrums. 

Table I: Measured filter performance summary. 
Center Frequency 5.03GHz 

Bandwidth 9.5% (-3dB), 6% (-1dB) 
Input 1dB Compression  -16.7dBm 

Output Noise Floor -94dBm 
In-band dynamic range 77.3dB 

In-band IIP3 -8.0dBm 
Out-of-band IIP3 7.8dBm 
Supply Voltage 1.2 V 

Power Consumption 2.88mW 
Die Area 0.3mm2 
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TABLE II: COMPARISON. 

Reference Technology f0  
(GHz) 

Gain 
(dB) 

Power 
Supply 

(V) 

PDC 
(mW) BW 

Die 
area 

(mm2) 

P1dB 
(dBm) 

Dynamic 
Range 
(dB) 

This work CMOS 0.13µm 5.03 0 1.2 2.88 
9.5%  

(6% -1dB BW) 
0.3 -16.7 77.3 

[1] CMOS 0.35µm 2.19 -10-0 1.3 5.0 2.4% 0.1 -30 38 
[2] CMOS 0.25µm 2.14 0 2.5 17.5 2.8% 3.5 -13.4 56 
[3] CMOS 0.8µm 0.84 0 2.7-3.0 77 2.1% 2 -18 75 
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