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ABSTRACT In this paper, a D-band varactor-based tunable bandpass filter is proposed in 65nm CMOS
Technology. The filter is composed of coupled lines loaded with a pair of MOSCAPs that control the
passband of the filter. The effects of MOSCAP parameters in terms of the quality factor and the tuning range
are studied. The proper placement of the MOSCAP along the resonator is the key parameter to keep insertion
loss as low as possible while the tuning range remains intact. A cross-coupled line between input/output ports
introduces a pair of transmission zeros and significantly reduces the size of the filter. The tuning range of
the proposed structure is 10 % (136 ∼ 150 GHz). For this frequency band, the fractional bandwidth (FBW)
varies between 10.9 and 11.8 % and the in-band insertion loss is between 4 and 8.2 dB. The overall size of
the filter is 0.11λ0 ×0.095λ0. Measurements for the filter show good agreement with the simulation results.

INDEX TERMS CMOS technology, mmwave technology, MOSCAP, TFMS, tunable bandpass filter.

I. INTRODUCTION
For mm-wave circuits application, it is sensible to provide
a system-on-chip (SoC) solution, which permits passive and
active components integration on the same substrate. This
remarkably improves the system’s reliability and reduces the
cost of packaging [1]. A bandpass filter (BPF) is perhaps one
of the most indispensable devices in RF circuits. Therefore,
extensive methods have been presented recently in the design
of on-chip BPFs using silicon-based [2] and III/V [3], [4],
[5] technologies. Regarding on-chip filter design, several
tradeoffs need to be considered to satisfy different design
specifications, such as noise, bandwidth, linearity, die size,
and insertion loss [6]. As the silicon substrate is inherently
‘‘lossy’’, the most effective method to minimize the insertion
loss is to keep the design as compact as possible. Therefore,
using a simple structure is preferred. Unlike the conven-
tional distributed components usage for filter designs [7], [8],
the quasi-lumped components approach has become popular
lately [9], [10]. One of the main emerging approaches is to
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increase the self-coupling resonators by broadside coupling
(metal stack-up) [11], [12]. Specifically, broadside-coupled
meander-line resonator (BCMLR) based design has achieved
very small dimensions [13], [14]. Since the vertical gap
between metal layers is predefined and can not be changed
planar structures with enhanced self-coupling are prefer-
able [15], [16]. To improve the frequency selectivity and
stopband suppression, one may introduce multiple transmis-
sion zeros (TZs) or appropriately adjust their positions [17].
In another approach, parasitic capacitances of a 3-D inductor
were employed to generate an upper TZ [18]. Also, in [19]
a capacitively loaded resonator is embedded in the original
DGS resonator to form two high-quality (Q-) factor small
loop resonators.

As the SoC solution applications push toward higher fre-
quencies, demands for the on-chip BPF at higher spectrum
such as D-band is also increasing. However, all of the previ-
ous works are up to E-band (<90 GHz). Moreover, despite the
vast technical literature that can be found related to the fixed
frequency on-chip filter, almost no efforts have been made
regarding on-chip tunable BPF as RF-signal pre-selectors.
As multi-channel systems are becoming more feasible,
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FIGURE 1. Dual-mode resonator with uncoupled even/odd modes and a
pair of transmission zeros.

tunable BPFs are becoming more attractive in modern com-
munication applications [20], [21], [22], [23], [24], [25].
Although few tunable BPFs at mm-wave bands are reported
in different technologies [26], [27], [28], [29], [30], [31],
[32], their on-chip implementation has not been reported
yet. One of the main bottlenecks regarding the feasibility
of on-chip tunable filters, especially at the mm-wave band,
is the reduced Q-factor of the varactors at higher frequen-
cies [33]. In this paper, we investigate the feasibility of a
MOSCAP-based tunable BPF at the D-band frequency range
for the first time. The proposed on-chip filter structure con-
sists of a T-shaped resonator and a cross-coupled line. The
cross-coupled line not only reduces the size of the filter but
also increases the selectivity of the filter by introducing a pair
of upper TZs. A pair of MOSCAPs with a single bias line
is employed to tune the passband of the filter. The effects
of MOSCAP parameters on the insertion loss, Q-factor, and
tuning range of the proposed BPF are studied. Although
MOSCAPs show a very low Q-factor at high frequencies, it is
shown that their proper placement within the filter structure
can substantially compensate for the insertion loss. The pri-
ority of this filter design is to achieve a higher tuning range
and a lower insertion loss.

This paper is organized as follows. The design procedure of
the basic BPF is provided in section II. In section III the exten-
sive study ofMOSCAP is presented. The large signal analysis
of the proposed BPF is studied for differentMOSCAP config-
urations in section IV. Simulation and measurement results
of the proposed tunable filter are presented in section V.
Next, the performance of the proposed BPF is compared with
previous works in section VI. Finally, conclusions are drawn
in Section VII.

II. DESIGN OF THE TUNABLE ON-CHIP BPF
A. CLASSIFICATION OF DUAL-MODE RESONATORS
Dual-mode resonators are categorized by having coupled or
uncoupled even/odd modes [34]. Coupled dual-mode res-
onators with two close transmission poles (fodd and feven)
are extensively used as the core of BPF structures. These

FIGURE 2. The proposed D-band CMOS tunable bandpass filter
(a) structure (L1 = 203um, L2 = 27.5um, L3 = 5.5um, W1 = W2 = 5um,
W3 = 2um, S1 = 4um, S2 = 2um.), (b) equivalent-circuit model (the DC
bias line is indicated with a resistor R and an inductance L) and even/odd
modes.

types of resonators yield a limited tuning range with insuffi-
cient selectivity since the spacing between transmission poles
increases in the lower bound of the tuning range. To alleviate
this issue, we are particularly interested in the uncoupled
resonator where a wide gap exists between fodd and feven.
As mentioned in [34], for these types of resonators, there is
an intrinsic transmission zero at the high side of fodd and
feven (Fig. 1(a)). Interestingly, by inserting an input/output
cross-coupling one can generate a pair of TZs (fTZ1 and
fTZ2) between fodd and feven as shown in Fig. 1(b). Therefore,
the key idea in the proposed BPF is that by adjusting the
lower Transmission zero fTZ1 near fodd we can increase the
selectivity. More details about the operation of the proposed
BPF are provided in the following subsections.

B. T-SHAPED RESONATOR
Fig. 2 shows the proposed tunable bandpass filter. The SiO2
substrate parameters are εr = 3.9, tan δ = 0.002. The
T-shaped resonator consists of an open stub (Zs, θs) and two
coupled lines loaded with a pair of MOSCAPs. Another cou-
pled line is introduced in the middle of the main signal path
to form a cross-coupling between the input and the output.
The DC biasing of the MOSCAPs is inserted at the edge of
the open stub with a resistor R and an inductance L. The
equivalent circuit of the filter is illustrated in Fig. 2(b). The
impedance of the series RL for DC blockage is high enough
to be considered an open circuit for even mode analysis.

The varactor-loaded T-shaped resonator is responsible for
tuning the filter’s passband. The structure is symmetrical and
one can apply even-oddmode analysis. This resonator’s even-
and odd-mode equivalent circuits are depicted in Fig. 2(b).
For the desired tunable resonant frequencies of the even/odd
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FIGURE 3. The frequency response (a) for different values of the electrical length θs, (b) feven, fodd against θs, (c) a loaded
coupled-line.

modes, the impedances ZU and ZD in Fig. 2(b) must satisfy
ZU + ZD = 0. Hence,

1
ωevenCd

=
2Z01Zs cot θs − Z2

01 tan θ1

Z01 + 2Zs tan θ1 cot θs
(1)

1
ωoddCd

= Z01 tan θ1 (2)

where Z01 =
√
Z e01Z

o
01 is the impedance of each arm of the

T-shaped resonator and Cd is an ideal variable capacitance.
In this design, we set the passband frequency on the lower
transmission pole

fodd =
Y01
2πCd

cot θ1 (3)

Based on (3), by changing the capacitance of the varactor Cd
the central frequency of the BPF can be tuned. However, the
other resonance that occurs at fevenmust be located far beyond
the passband of the BPF (i.e. feven/fodd > 1). According to
(1), to shift the feven to higher frequencies one plausible option
is to adjust the electrical length of the central open-ended stub
(i.e. θs). Fig. 3(a-b) show that decreasing the electrical length
θs shifts the feven to higher frequencies while fodd remains
constant. It is notable that in the case of θs = 90◦ the central
stub line converts to a short-circuited transmission line and
the structure becomes a conventional BPF. Thus, to keep
feven/fodd ≥ 2 one should restrict θs ≤ 30◦.

C. CROSS-COUPLED LINE
The other important section of the filter structure is themiddle
coupled line which introduces a pair of transmission zeros
beyond fodd to increase the selectivity of the proposed filter.
These transmission zeros can be calculated analytically as
follows. First, the even- and odd-mode input impedances
shown in Fig. 3(c) can be determined as

Z ein = Zin
∣∣
Zl2= 1

jωCd
,Zl3=−2jZs cot θs,Zl4=−jZ e02 cot θt

Zoin = Zin
∣∣
Zl2= 1

jωCd
,Zl3=0,Zl4=−jZo02 cot θt

(4)

where

Z1,2 = −j
Z e0 ± Z e0
2 tan θ

(5)

Z3,4 = −j
Z e0 ∓ Z e0
2 sin θ

. (6)

The Z e0 and Z
o
0 represent the even- and odd-mode impedances

of the coupled lines, respectively. Next, the S-parameters of
the tunable filter can be evaluated as

S21 =
Z0(Z ein − Zoin)

(Z0 + Z ein)(Z0 + Zoin)
(7)

S11 =
Z einZ

o
in − Z2

0

(Z0 + Z ein)(Z0 + Zoin)
(8)

A pair of transmission zeros fz1 and fz2 are the solutions of
|S21(fzi)| = 0, and according to (8),

Z ein(fzi) = Zoin(fzi) for i = 1, 2 (9)

The electrical size and the coupling factor of the
cross-coupled line dictate the location and depth of these
transmission zeros. As conceptually shown in Fig. 4(a),
these frequencies can be tuned for a desirable selectivity and
stopband (|S21| ≤ −20dB). If fz1 moves toward the passband
edge frequency, higher selectivity will be achieved and a wide
stopband is possible if the transmission zeros spacing grows.
One parameter to indicate the selectivity of the BPF is the
Roll-of-Rate (RoR) which is defined as

RoR (
dB
GHz

) =
αmax − αmin

fc − fs
(10)

where, αmax = −40dB is the stopband attenuation, αmin =

−3dB is the passband attenuation, fc and fs are the corre-
sponding passband and stopband edge frequencies, respec-
tively (Fig. 4(a)). Based on (7) and (10), the coupling factor
(kc = (Ze

i − Zo
i )/(Z

e
i + Zo

i )) and the electrical length (θc)
of the middle coupled line can be used to control fz1, fz2.
The simulation results in Fig. 4(b-d) illustrate the effect of
the coupled line on the transmission zeros. According to
Fig. 4(b), for the electrical length θc = 40◦ the stopband
reaches the maximum of 88 GHz while for θc = 50◦ the
RoR peaks at 2.9 ( dB

GHz ). These results can be well explained
based on Fig. 4(c) where fz1 reaches its minimum at θc = 50◦.
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FIGURE 4. The RoR and Stopband (a) the graphical definition,
(b) simulation results for different θc values. Transmission zeros against
(c) the electrical length θc , (d) the coupling factor kc (Z02=41�).

TABLE 1. Parameters of the selected MOSCAPs.

Fig. 4(d) shows that fz1 constantly decreases for higher kc
values. In contrast, fz2 and consequently fz2/fz1 increase by kc.

The next step is the proper selection of MOSCAP. It is
worth noting that varactors with smaller capacitance will
result in a wider tuning range. Based on (3), for the D-band
frequency range, a MOSCAP in the order of 2 fF to 20 fF
would be sufficient. Fig. 5(a) shows the simulation results
for the equivalent circuit model of the proposed filter where
the MOSCAP is replaced by an ideal capacitor. The filter
tuning range spans from 130 GHz to 160 GHz. The coupled
lines of the T-shaped resonator parameters are Z e01=66�,
Zo01=45� and θ1 = 55◦. The cross-coupling is responsible for
upper-band transmission zero which significantly reduces the
overall size of the filter. In Fig. 5(b) the external Q-factor for
different spacing S1 is shown. The Q-factor steadily increases
with respect to S1. In the next section, we delve deeper into
the MOSCAP parameters to be exploited in the filter design.

III. MOSCAP ANALYSIS AND UTILIZATION
In this section, we investigate the topological parameters of
the MOSCAP to tailor the BPF response based on the desired
tuning range and insertion loss. The MOSCAP as shown in
Fig. 6(a), has four topological parameters: unit cell width
(WR) and length (LR), array size group number (GP), and
branch number (BR). Since the priority is given to a wide

FIGURE 5. Frequency response of the proposed filter (a) for different
capacitance values Cd , (b) Qex for difference spacing S1 and Cd values.

FIGURE 6. MOSCAP in 65nm Technology (a) 3D layout.FoM2 chart for
parameters WR and LR (BR=4 and GP=1).

tuning range and a low insertion loss one may define a figure-
of-merit to indicate the overall performance of a tunable BPF
as:

FoM =
TR(%)

IL(dB)
(11)

where TR is the percentage of the tuning range and IL is
the average insertion loss over the tuning range. However
primarily, we have to evaluate the parameters of the varactors
independently. With this aim in view, another figure of merit
is defined in [9] to evaluate the performance of a varactor
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TABLE 2. Comparison of the proposed filter with some published mm-wave tunable structures.

FIGURE 7. The simulation results (a) insertion loss and the central
frequency vs. control voltage for MOSCAPs listed in Table 1, (b) Qu versus
MOSCAP placement within the resonator for CI ( with/without the biasing
network), CII and CIV.

which reads:

FoM2 = Q
Cmax
Cmin

(12)

whereCmax andCmin are the maximum andminimum capac-
itance values of the varactor, respectively. The values of
FOM2 are given based on topological parameters WR and
LR in the chart of Fig. 6(b). Five potentialMOSCAPs listed in
Table 1 are investigated accordingly and they were compared
based on their FoM values in the proposed BPF. In this stage,
we should determine the performances of these MOSCAPs
within the BPF structure. These MOSCAPs’ performances in
the proposed BPF are compared in Fig. 7(a). It can be seen
that the CIV has the highest insertion loss and tuning range.
In contrast, CV has the lowest insertion loss and tuning range.
To maintain the insertion loss below 5 dB and achieve an
acceptable tuning range CI withWR= 0.8 um, LR= 0.2 um,
GR= 1, and BR= 4 is the best configuration. Based on these
observations, for the proposed tunable BPF design we can
translate the desirable MOSCAP to have FoM2 ≥ 24 and
Cmin ≤ 6 fF.

It is important to highlight the fact that one of the design
considerations is the proper placement of the varactors along
the resonator to keep insertion loss as low as possible. From
Fig. 7(b) it is evident that placing the varactor at the edge
of the resonator yields the highest unloaded quality factor.
since the current distribution decreases near the open end
so less power would be lost in any edge-loaded MOSCAP.
Furthermore, the Q-factor with/without the biasing is also

depicted in Fig. 7(b). Since the passband is associated with
the odd mode of the resonator, the biasing point at the central
point of the resonator is a virtual ground, hence, the biasing
effect on the Q-factor is negligible. The Q-factor and FoM2
of the selectedMOSCAP are depicted in Fig. 8(a). The FoM2
values decrease over the bias tuning. At higher frequencies,
FoM2 reduces even more due to Q-factor decline.
The capacitance value of CI versus the control voltage

is shown in Fig. 8(b). Around zero biasing voltage, the
capacitance variation is small. However, near −1 V (shaded
in pink in Fig. 8(b)) the capacitance decreases more sharply.
Regarding the voltage control accuracy, by looking at (3) one
can conclude that the sensitivity of the passband frequency is

∂fodd
fodd

= −
∂Cd
Cd

(13)

Hence, the frequency variations are higher for smaller capac-
itance values. Considering the average FBW of 11 % over
the tuning range, its half value i.e., 5.5 % is acceptable for
the capacitance variations. By utilizing Fig. 8(b), one can
easily get the acceptable control voltage tolerance for the high
selectivity of the proposed BPF. In the left side region of the
plot, where Vctrl> −0.8 V, the voltage tolerance of 130 mV
is acceptable. Although, in the shaded region of the plot, the
acceptable voltage tolerance is merely 30 mV.

Based on the analysis given in Sections II and III, the
design procedure of the proposed tunable BPF is as follows:

1) Select the initial electrical length of the T-shaped res-
onator (θ1) at the fundamental passband frequency
based on (3).

2) Select the electrical length of the open stub (θs) based
on Fig. 3(b) for optimum frequency ratio feven/fodd .

3) Optimize the electrical length (θc) and the coupling
factor (kc) of the cross-coupling coupled line for the
specified RoR and stopband.

4) Select the topological parameters of the MOSCAP for
the trade-off between the tuning range and the insertion
loss as exemplified in Fig. 7(a).

IV. LARGE SIGNAL ANALYSIS
For nonlinear characterization of the proposed filter the 1-dB
compression point (P1 dB) and the third-order intercept point
(IIP3) are extracted. A two-tone test with 200MHz frequency
spacing was used to analyze the filter with three MOSCAP
configurations CI, CII, and CV. The simulation results of
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FIGURE 8. The MOSCAP CI, (a) the Q-factor and FoM2, (b) capacitance
versus the control voltage.

nonlinear performance are demonstrated in Fig. 9 (a-c). For
the state-of-the-art RF, front end the performance of the
proposed BPF is satisfactory in terms of linearity. The chosen
MOSCAPCI has an intermediate IM3 value in comparison to
CII andCV. Also, the noise figure of the filter withCI andCII
is plotted against different biasing voltages in Fig. 9(d). Zero
voltage biasing has the worst noise figure and CII has better
noise performance over the tuning range. These results imply
that there is a trade-off between the tuning range, insertion
loss, linearity, and noise figure of the tunable filter based on
theMOSCAP selection. Therefore, one should select a proper
MOSCAP configuration based on the required performance
of the tunable filter.

V. MEASUREMENT SETUP
The proposed tunable BPF shown in Fig. 10 (a) was fab-
ricated on 65nm TSMC CMOS technology. The overall
size of the structure including the GSG and biasing pads is
0.5mm×0.7mm. The filter structure is formed on the M9
layer and M3 to M1 layers are grouped to form the ground
plane. Two MOSCAPs are placed at two corner sides of the
coupled line resonators and biased at the center via a rpoly
resistor R=1 k� and a high impedance line.
The measurement setup is illustrated in Fig. 10 (b).

An N5247B PNA-X Microwave Network Analyzer and a
pair of VDI WR 6.5 extenders (110-170 GHz) were used for
measurements. In four measuring states, the control voltage
was set to −1, −0.8, −0.2, and 0 V to change the capacitance
of MOSCAPs. In each voltage state, the S-parameters of the
filter are recorded over the frequency range.

FIGURE 9. Nonlinear and Noise analysis of the filter. (a) Third order
intercept of CI for Vbias = −0.2V, (b) IIP3 versus Vbias for three MOSCAPs,
(c) IM3 versus Vbias. (d) Noise Figure versus Vbias.

FIGURE 10. (a) The fabricated tunable BPF and (b) the measurement
setup.

VI. RESULTS AND DISCUSSION
Themeasurement results for S-parameters after de-embedding
pad parasitic components are depicted in Fig. 11(a,b). The
tuning range of the proposed filter is from 136 GHz to 150
GHz and the insertion loss varies from −4.0 dB to −8.2 dB.
The reflection coefficient varies between 18 and 10 dB.
Also, fig. 11 (c) shows the group delay (GD) for different
tuning states. The proposed filter has a narrow bandwidth and
comparatively higher GD is expected around the passband.
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FIGURE 11. The simulation and measurement results for the proposed
BPF (a) the reflection coefficient, (b) the transmission coefficient,
(c) group delay, (d) FBW.

TABLE 3. Comparison with some previous on-chip BPFs.

The important factor is the consistency of GD over the tuning
range. The GD values are between 48 to 53 ps over the tuning
range, hence GD variation 1t is 5 ps which is acceptable at
the D-band frequency range. Also, the fractional bandwidth
(FBW) of the proposed BPF in four tuning states is illustrated
in Fig. 11(d). The FBW is between 10.9 and 11.8%. Mea-
surement results show good agreement with the simulation
results. As the passband shifts to lower frequencies, the inser-
tion loss increases while the Q-factor decreases from 10 at
150 GHz to 5 at 125 GHz. This phenomenon restricts the tun-
ing range and is attributed to the parameters of the MOSCAP
as explained in section III. The proposed BPF is compared
with other tunable filters in Table 2. Although the proposed
tunable filter is implemented on-chip and operates at higher
frequencies, its performance in terms of the tuning range and
FoM is comparable with previous works. Furthermore, the
proposed filter is compared with some previous mm-wave
on-chip BPF in Table 3. Frequency tuning gives the proposed
on-chip filter an edge over its fixed counterparts. Relatively
higher insertion loss of the proposed BPF is attributed to the
low Q factor of MOSCAPs and greater metal loss at higher
frequencies.

VII. CONCLUSION
In this paper, a tunable BPF is designed and fabricated on
65nm CMOS technology at the D-band frequency range for
the first time. A pair of MOSCAPs is employed to control
the passband of the filter. A tuning range of 14 GHz was
measured, which corresponds to a tunability of 10 %. The
minimum measured insertion loss is −4.0 dB and the FBW
changes from 10.9% to 11.8%. This work serves as an initial
study of D-band tunable filters in CMOS technology. The
study of topological parameters of MOSCAP shows that
there is a trade-off between the tuning range, insertion loss,
linearity, and noise figure of the tunable filter. Therefore, one
should select a proper MOSCAP configuration based on the
required performance of the tunable filter.
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