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Continuously Tunable Ku-Band GaAs Bandstop
Filter With Reconfigurable All-Pass Capabilities

Andrés Fontana", Member, IEEE, and Dimitra Psychogiou", Senior Member, IEEE

Abstract—A multiconfigurable monolithic microwave inte-
grated circuit (MMIC) filter is reported. It exhibits three modes
of operation, namely, a high-attenuation single-notch bandstop
(BS) mode, a dual-notch BS mode, and an all-pass (AP) mode.
It is based on a bridged-T network (BTN) using a minimum
number of lumped elements and a signal cancellation technique
to counteract the effect of the low on-chip quality factor. Transfer
function tuning and bandstop-to-all-pass filter (BSF-to-AP) mode
reconfigurability are readily obtained by tuning the frequency of
two resonators. A prototype was manufactured using a pHEMT
GaAs MMIC process exhibiting a BS mode with frequency tuning
range (Afy) of 16% and suppression up to 68.5 dB, a dual-notch
BS mode with Afj of 15% and 20% fractional bandwidth (FBW),
and an AP mode with insertion loss <5.3 dB.

Index Terms—Bandstop filter (BSF), monolithic microwave
integrated circuit (MMIC), multifunction device, tunable filter.

I. INTRODUCTION

ANDSTOP filters (BSFs) are widely used to suppress the

image frequency of radio frequency front ends (RFFEs)
or to cancel interference or noise [1], [2]. Many tunable [3],
[4], [5], [6], multiband [7], and multimode [8], [9], [10] BSFs
have been reported utilizing high, moderate, and low unloaded
quality factor (Q,) technologies. High Q, schemes using
acoustic-wave resonators are limited to frequencies <2 GHz
[11], [12], whereas waveguide-based components are very
large in size [9], [13]. BSF demonstrations carried out on
planar PCB [14], [15] and integrated circuit (IC) [16], [17],
[18], [19], [20] technologies exhibit compact footprint and
higher operational frequency but are limited by high loss. A
continuously tunable SiGe BiICMOS BSF exhibiting rejection
up to 70 dB but high-power consumption (70-90 mW) and
complexity is reported in [2] employing active synthetic tech-
niques. Other methods to counteract the low O, of microwave
components in IC BSFs include signal canceling (SC) [13],
[21], [22]. Passive distributed-element static BSFs with in-
band rejection over 50 dB are reported in [21] using a two-path
180° out-of-phase cancellation implemented by PCB-based
3-dB 90° hybrid couplers and a bridged-T network (BTN)
without frequency tunability or multifunctional operation. The
hybrid couplers method was also applied to X-band GaAs
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Fig. 1. (a) High-suppression BSF employing a two-path out-of-phase SC.
(b) BTN implementation with generic Z; impedance. (c) Modification with
n-type TL.

monolithic microwave IC (MMIC) tunable BSFs [22] and
to PCB-based SIW coaxial cavity bandstop-to-all-pass filters
(BSF-to-AP) at S-band [13]. Whereas the approach in [22]
requires several lumped elements and does not possess multi-
functional capabilities, the reconfigurable BSF-to-AP concept
in [13] exhibits large footprint.

This work demonstrates the potential to realize GaAs-based
MMIC BSFs at Ku-band with high attenuation, tunable center
frequency (fp), and a reconfigurable BSF-to-AP operation. The
proposed concept is based on a BTN approach with minimum
number of components using self-interference cancellation
to mitigate the low Q, of on-chip varactors. Continuously
tunable deep-rejection operation is enabled to effectively man-
age interference of closely spaced channels in the upcoming
frequency range 3 (FR3) band (~6-22 GHz), critical for
civil applications, satellite communications, automotive and
military radar systems, and among others. A comprehensive
design methodology is presented taking into consideration the
capabilities of a commercially available GaAs process.

II. THEORETICAL FOUNDATIONS

The BSF-to-AP concept based on a BTN is illustrated in
Fig. 1. Whereas Naglich et al. [13] also showed BSF-to-
AP functionality, it employs a different topology analyzed by
coupled-resonator-based synthesis. To implement the two-path
180° out-of-phase SC, the input signal is divided between a
bandpass (BP)-type and a bandstop (BS)-type network [Fig.
1(a)]. Their forward transmission magnitude (|S,;pp| and
|S218sl) and phase [¢(S28p) and ¢(S 21 ps)] must satisfy (1)
and (2) at fy [21]

‘SZI,BPﬁ':f() = ‘SZLBS};#O M
¢(SZLBP)|f:fO —+ ¢(S21’BS)|f:f0 = +180°. 2)

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 2.

(a) BSF mode S-parameters and (b) pole-zero plot for L, = Lz = 0.563 nH, C3 = 120 fF, R, = R3 = 0 Q, ZorL = 50 Q, and 6 = 45°: SNM

(C% = 86.24 fF) and DNM (C} = 80 fF). (c) AP mode S-parameters and (d) pole-zero plot for L, = L3 = 0.563 nH, C, = 120 fF, R, = R3 = 0 Q, ZorL. = 50 Q,
0 =45°, and C; = 66, 105 fF. (¢) SNM BSF mode S-parameters and (f) pole-zero plot for L, = L3 = 0.563 nH, Ry = R3 = 0 Q, Zorr. = 50 Q, and 6 variations:

10° (C3 = 175 fF and C} = 174.26 {F), 25° (C3 = 147 {F and C} = 139.07 {F)

, and 45°(C3 = 120 fF and C} = 86.24 fF). (g) SNM BSF mode S-parameters

and (h) pole-zero plot for Ry = R3 = 0 Q, Zgr = 50 Q, and 6 = 45° for: L, = L3 = 0.2 nH (C3 = 190 {F and C; = 100.95 {F), L, = L3 = 0.563 nH
(C3 =120 fF and C} = 86.24 fF), and L, = L3 = 0.8 nH (C3 = 95 {F and C} = 73.92 {F). BSF-to-AP S-parameters for L, = L3 = 0.563 nH, Ry = R3 =4 Q,
ZotL = 50 Q, and 6 = 25° for (i) SNM (C; = 139.07 {fF) with C3 = 147 {F (blue trace) and C; = 145.63 fF (orange trace) and (j) AP mode (C, = 147 fF)
for C5 =93 fF (R; = R3 = 0 Q, blue trace) and C5 = 93 fF (Ry = R3 = 4 Q, orange trace). Black traces: circuit simulations.

The generic block diagram in Fig. 1(a) can be represented
by a BTN [21], [23] [Fig. 1(b)], where Z, and Z; are
impedances that can be implemented by series lossy
resonators (L,, C,, and R, and L3, C3, and R3). The
magnitude condition in (1) can be obtained by either setting
the resonators at the same [23] or different frequencies, and
the impedance Z; can be used to introduce an extra phase
delay to satisfy (2) [see Fig. 1(a)]. In [23], the synchronous
resonators with lumped resistors were used to meet (1), while
(2) was met by replacing Z; by a series capacitor. In this
work, asyncronous resonator tuning is being used, while the
phase delay in (2) is implemented by a transmission line (TL)
with characteristic impedance Zyy, electrical length 8 < 90°,
and it is modeled by its 7-type first-order low-pass equivalent
[Cty and Lty in Fig. 1(c)]. RF tuning is incorporated without
lumped resistors by means of embedded varactors that
facilitate the realization of three distinct modes of operation,
namely, a single-notch mode (SNM), a dual-notch mode
(DNM), and an all-pass (AP) mode.

A. Lossless BTN BSF-to-AP

The BTN analysis starts by considering Ry = R3; = 0 Q and
neglecting Cr, at the input/output. To enable the S-parameters
calculation from the impedance matrix of the BTN [23], Ctp
is regrouped with Z,, forming a series impedance Z), while
Ly describes Z]. Then, Z;, Z}, and Z3 can be calculated using
the following:

Zy (w) = jZorL sin(6) 3)
: L,Crw?* -1
Z; =- 4
2 (0.)) ](ZLQCTL(U3 - w)Cz - ZCTL(U ( )
75 (w) = —j2C3Lzw + 1) C3lw™. 5)
Using conventional Z-to-S-parameter conversion, the

S-parameters and pole-zero diagrams of the BSF-to-AP are
computed and provided in Fig. 2 for a BSF implementation
considering realistic GaAs MMIC component values (L,
Ly ~ 0.15-1.5 nH and C,, C3 =~ 0.05-1.2 pF). Specifically,

Fig. 2(a) illustrates how the BS attenuation evolves as a
function of C, (6 = 45°) for an SNM with deep attenuation at
f = fo =16 GHz when detuning the BS (C; = C, + AC))
from the BP resonating at 15 GHz, and a DNM with smaller
C’, value than in SNM, achieving lower attenuation and equi-
ripple response. Fig. 2(b) depicts the pairs of dominating
complex conjugate poles and zeros for the SNM and DNM
cases in Fig. 2(a). When detuning CJ, the zeros are displaced,
while the complex conjugate poles remain almost unaffected.
Fig. 2(c) exhibits the AP mode obtained when detuning the BP
(C; = C3 + AC3) from the BS resonating at fy. Fig. 2(d) dis-
plays a symmetrical configuration of complex conjugate zeros
and their displacement along the s plane until achieving an AP
response (yellow trace). If 6 is shortened to reduce the device
footprint, C/, C3, and L, = L3 must be recalculated to maintain
the SC. Fig. 2(e) shows three SNM examples for 6 = 45°, 25°,
and 10°. As 0 is reduced, the poles get closer to the axis jw
[Fig. 2(f)] and approach fy, causing a steeper roll-off. Fig. 2(g)
and (h) depicts how L, and Lj affect the transfer function for a
given 6, resulting in a more selective notch for larger inductors
owing to the poles shift toward the axis jw [Fig. 2(h)].

B. Lossy BSF-to-AP

In the case of lossy resonators (R, = Rz > 0 Q), the BTN
impedances are rewritten as Zsrosy = R3 + Z3 and ZQLOSSy =
(C%Rz)/A + jB/(Aw), with A and B defined in (6) and (7), as
shown at the bottom of the next page. As shown in Fig. 2(i),
the effect of loss can be counteracted by slightly optimizing
the device with a circuit simulator. This approach enables the
use of lossy GaAs MMIC on-chip varactors, typically Q, >
15 (R £ 4 Q), by exploiting destructive signal interference.
However, as the varactor losses increase, a degradation in the
AP mode around f; is observed. Fig. 2(j) depicts a comparison
between the lossless and the lossy AP modes using the worst
varactor condition (Q, = 15 or R =4 Q).

Finally, a comparison of the corrected transfer functions cal-
culated in MATLAB and using circuit simulations in Keysight
ADS is depicted in Fig. 2(i) and (j). A good agreement
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COMPARISON WITH THE STATE-OF-THE-ART BSFs

TABLE I

MMIC tech. |Multiband/Multimode| Af) (GHz), [TR] | Stopband max. rejection (dB) | RL@f) IL@s Gu. (dB) Size (4g’, mm?) Ref.
No/BSF-to-AP 14.76-17.17, [1.16:1] 68.5 2.8 0.70 0.0351,1.026 T.W.

GaAs No/No 8.7-10.5, [1.21:1] 73.6 N.A 2.30 0.0014, 1.566 [22]
No/No 727, N.A 23.7 17.3 1.10 0.0006, 1.178 [20]

Dual-Band/No 4.8/9.6", N.A 16.6/17.8 15.9/10.1 0.73 0.0002, 4.000 [18]

No/No 53.2F, N.A 14.2 1.8 N.A. 0.0017, N.A [16]

CMOS No/No 19.0°, N.A 37.0 N.A 0.60 N.A, 0.028 [24]
No/No 27.4-31.6, [1.15:1] 35.0 N.A 2.70/3.50 N.A, 0.036 [19]

SiGe BiCMOS No/No 8.0-16.0, [2:1] 70.0 N.A N.A. N.A, 0.350 [2]

T.W.: This work (Values informed for SNM), *Static device, N.A: Not available, TR: Tuning range.

is obtained, successfully validating the proposed modeling
technique. Small discrepancies are due to the omission of C
in the mathematical model. Based on these observations, the
following design steps can be used as a guideline. First, design
BP and BS resonators to resonate at fymax for example with
L, = L3 and C, = (3, ensuring the relationship among L,
and C, and L3 and Cj [Fig. 2(g)], and 0 [Fig. 2(e)] meets
the fractional bandwidth (FBW) specifications. Then, slightly
reduce C; to detune the BS resonator and satisfy (1) and (2).
Next, estimate varactor tuning ranges AC = Cmax — Comin
and AC3 = C3max — Camin at fomin, keeping Ly or Lz fixed. A
larger Afy increases tuning range and losses R, and Rz, which
affects IL in the AP mode. Estimate IL,x with C; = Csmax
and C3 = Cspip. If the specifications are not met, a tradeoff
between Afy (SNM and DNM) and IL (AP mode) should be
established.

III. EXPERIMENTAL VALIDATION

A photograph of the manufactured BSF-to-AP prototype
based on the circuit schematic in Fig. 1(c) and using a WIN
Semiconductor PQH1-0P 0.18-um InGaAs pHEMT process is
depicted in Fig. 3(a). L, and L3 were implemented with their
microstrip distributed equivalent to minimize the number of
lumped components. C, and C3 were implemented by two-
finger E-gate transistors with gate widths 40 and 38 um [22],
leading to a measured C, = 51-256 fF, C3 = 75-267 {F, and
Qu min 15. Fig. 3(b) shows the measured S-parameters
covering the FR3 spectrum expected to be allocated for 6G
wireless services, when configured in the SNM and tuned
from 14.8 to 17.2 GHz (Afy = 16%). It exhibits an in-band
return loss (RL) < 2.8 dB, a —20-dB FBW of 15.8%-15%,
and a max./min. suppression of 68.5/50.8 dB (63.1 dB avg.
from 20 samples). When tuned in the DNM, the filter can
achieve a broader —20-dB FBW in expense of maximum
20-dB suppression [Fig. 3(c)], obtaining Afy = 15.2%, FBW
between 20.2% and 21.5%, and in-band RL < 2.6 dB. In the
AP mode [Fig. 3(d)], the filter is tuned to provide the minimum
IL possible and RL better than 10 dB. Measurements show a
min./max. IL of 0.7/5.3 dB at 6/15.72 GHz. Table I compares
this work with the state-of-the-art MMIC BSFs. The BSF-to-
AP concept introduces a simple design with minimum number

~
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Fig. 3. BSF-to-AP. (a) Manufactured prototype with: L, = 0.536 nH, C; =
51-256 fF, R, = 4.83 Q, L3 = 1.072 nH, C3 = 75-267 pF, R3 = 4.56 Q,
Zot = 73 Q, 6 = 25°, Cm, = 47.05 fF, and Lt = 0.224 nH. Measured
S-parameters. (b) SNM. (c) DNM. (d) AP mode.

of elements that enables the realization of reconfigurable
multimode operation with only two tunable varactors. In its
SNM, the device shows a better tuning range than in [19] and
deep notch suppression comparable to the best MMIC BSFs
reported in [2] and [22].

IV. CONCLUSION

This work advances tunable, multifunctional devices for
modern wireless RFFEs by tackling the challenges of low Q,
on-chip varactors to implement deep-notch BSFs. The BTN
enables SC, BW tuning (DNM), and BSF switch-off operation
(AP mode) without extra components. To the best of our
knowledge, such features have not been reported in MMICs.
The manufactured prototype shows a multiconfigurable GaAs
MMIC BSF-to-AP with: 1) a BS mode with Afy of 16% and
68.5-dB suppression; 2) a dual-notch BS mode with Afy of
15.2% and FBW = 20.2%; and 3) an AP mode with IL <5.3
dB.
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A = 4C3CH Liw* + 4C3 (C3 R} - LyCr1) w* + (C3 = 8C2C%, Ly + 4C>Cry, + 4C%)
B =-2Cn.C3L3w* + (C3L3 — 2C1LC3R; + 4Cr.Ca L) w* — Co — 2Cr,

(6)
(7
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