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GaAs MMIC Nonreciprocal Single-Band,
Multi-Band, and Tunable Bandpass Filters

Dakotah Simpson , Member, IEEE, and Dimitra Psychogiou , Senior Member, IEEE

Abstract— This article reports on the RF design and practi-
cal development of active MMIC single-band, multi-band, and
tunable bandpass filters (BPFs) with lossless and nonrecip-
rocal transfer functions. They are based on series-cascaded
lumped-element frequency-selective cells that are coupled with
MMIC-based FETs. The FETs introduce gain and counteract the
loss of the lossy elements. Furthermore, due to their unilateral
behavior, nonreciprocal transfer functions can be obtained. This
allows for an RF codesigned filtering isolator functionality
to be created within a single RF component. By cascading
multiple frequency-selective cells, both single-band and multi-
band transfer functions with and without transmission zeros
(TZs) can be realized. The basic operating principles of the
MMIC concept are first described through parametric studies on
different types of frequency-selective cells. These are followed by
tunable and higher selectivity design methodologies. For practical
demonstration purposes, four MMIC prototypes were designed,
built, and measured using a commercially available GaAs process.
They include a three-cell frequency-tunable BPF, two dual-band
BPFs, and a quasi-elliptic BPF.

Index Terms— Active filter, bandpass filter (BPF), GaAs,
MMIC, multi-band filter, nonreciprocal, tunable filter.

I. INTRODUCTION

IN CONTEMPORARY RF and microwave systems, the
use of large form-factor RF filtering technologies based

on PCB-based microstrip, coupled lines, or waveguide-based
architectures is a common practice due to their medium-to-
high quality factors (Q) and relatively low insertion loss (IL).
However, these types of filters cannot be directly integrated nor
can be codesigned with other front-end devices such as ampli-
fiers, mixers, or isolators since these are typically built using
integrated circuit (IC) processes such as GaAs, Si, or GaN.
Codesigned bandpass filters (BPFs) and isolators have the
potential to reduce the size and improve the performance of RF
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front-ends by combining the two RF signal processing actions
within the volume of a single device. They find application
in instrumentation and radar systems and other systems where
reflections need to be canceled. In full-duplex systems where
the same frequency is being used for transmit and receive,
codesigned BPF-isolators can be used as an isolation element
between the channels, thus improving their performance.

As the size requirements of RF front ends continually
grow stricter, recent research efforts are geared toward mono-
lithic microwave integrated circuit (MMIC)-based design
approaches as a way to minimize their size and to integrate
them with other RF front-end active and nonlinear devices
[1], [2], [3], [4], [5], [6], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24]. However,
initial MMIC passive component-based design efforts have led
to lossy BPF configurations or to BPFs with ultrawideband
passband bandwidth [2], [3], [4], [5], [6]. A plethora of
active IC-based BPF concepts has arisen within the past two
decades in order to combat the loss of the passive components
[6], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24]. These include cascaded filter-amplifier
configurations [6], [11], recursive filters [12], [13], [14], active
component or negative resistance filters [15], [16], [17], [18],
[19], [20], and actively coupled filters [21], [22], [23], [24].

In cascaded filter-amplifier configurations, conventional
lossy filters are cascaded with amplifier gain stages [6], [11].
The main drawback of this architecture is that it requires two
separate circuits, one for the filtering and one for gain, leading
to a larger overall device size. Although this method is simple,
it adds gain to the entire lossy response as opposed to adding
gain to the individual resonators, which results in transfer
function rounding and mismatch loss.

Recursive filters are based on an approach that was initially
used in digital filter design methods where a time-delayed,
active feedback path is added to the forward path to introduce
gain [12], [13], [14]. Besides having a complex and highly
sensitive design, these filters have also shown other limitations.
The recursive filter in [12] results in poor passband flatness and
low selectivity, which can only be remedied by channelizing
the filter and including two more filter paths. The filter in [14]
is based on a subclass of recursive filters known as transversal
filters. Despite showing a selective response with two TZs, the
filter is not matched—in-band return loss (RL) that reaches
7 dB—and there is still 2 dB of IL in the passband.

Active and negative resistance filters counteract the loss of
passive components by using transistors that introduce gain

0018-9480 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on February 07,2023 at 16:36:24 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-1936-4026
https://orcid.org/0000-0002-7821-9884


2 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

at the source of loss [15], [16], [17], [18], [19], [20]. One
example of this is an active circuit that introduces gain to a
lossy inductor in an LC tank resonator. The filter in [15] uses
an active inductance in its resonators to make the filter tunable
in frequency. However, the active circuit does not introduce
gain to the resonator and the response presents high IL levels
up to 7.8 dB. Other works are limited to low-order designs
(second order in [16] and [17] and first order in [18]).

In actively coupled BPFs, FETs are used as couplings
between the passive resonators of the filter. Furthermore, they
add gain to the individual resonators [21], [22], [23], [24].
Some of the advantages of this filter topology due to FETs
replacing the coupling elements in the filter are a smaller
size and simpler design. Furthermore, gain is added directly
to the resonators, and there is a potential for the FETs to
perform multiple functions since they are in line with the filter
path. However, these filters exhibit poor passband flatness and
output matching in [21] and [22]. Furthermore, the concept in
[23] has not been experimentally validated. Moreover, there
has been no mention of applying these concepts to multi-band
designs.

To address the aforementioned challenges, this article
reports on a new class of single-band, tunable, and multi-band
active BPFs that exhibit nonreciprocal transfer functions with-
out IL. The integration of the filters’ passive and active compo-
nents on a GaAs MMIC platform enables size miniaturization
and high frequency of operation (X-band). A simple design
and implementation methodology using cascaded frequency-
selective cells is proposed for a variety of transfer functions
(quasi-elliptic, flat passband, multi-band, and so on). The reso-
nant elements are actively coupled together through unilateral
FETs that provide gain to the overall response. Different types
of resonant elements are used to achieve selective single-
band and multi-band responses. RF tuning is also explored by
incorporating FET-based varactors in the cells. The rest of this
article is organized as follows. In Section II, a cascaded-cell
approach is described in detail starting from its conceptual
design and continuing to in-depth design methodologies for
both single-band and multi-band filters. Section III details four
MMIC schematics, their prototypes, and their measurements
for experimental validation. Finally, a summary of the contri-
butions of this work is given in Section IV.

II. THEORETICAL BACKGROUND

The nonreciprocal active MMIC BPF concept is presented
in Fig. 1. Specifically, Fig. 1(a) shows the filter architecture
that is comprised of N cascaded frequency-selective cells with
individual transfer functions H1−N(ω). The block diagram of
the frequency-selective cell is shown in Fig. 1(b). It consists of
a passive lossy resonant element that is cascaded between two
common-source FETs. Alternative types of resonant elements
can be employed, as shown in Fig. 2. The resonant element
is connected to the drain of the first FET and to the gate
of the second FET. As such, the overall filter architecture
is composed of N passive BPF resonant elements that are
coupled to each other and to the RF input and output of
the filter through FETs. The conceptual response in Fig. 1(c)
shows that the loss of the resonant element is offset by the gain

Fig. 1. Actively coupled MMIC BPF concept. (a) BPF architecture
made up of a cascade of N frequency-selective cells. (b) Schematic of a
frequency-selective cell consisting of two FETs and a resonant element.
(c) Conceptual response of an active BPF showing elimination of the IL.
(d) Conceptual response of an active dual-band BPF. (e) Conceptual response
of a quasi-elliptic BPF.

Fig. 2. Resonant elements used within the frequency-selective cells.
(a) Topology A: parallel LC tank. (b) Topology B: parallel LC tank in parallel
with a series resonator. (c) Topology C: two series LC resonators in parallel
with one another.

of the FETs. As a result, a BPF transfer function, H (ω), with
reduced or zero IL can be obtained. Using the other types of
elements in Fig. 2 leads to different response types as shown
in Fig. 1(d) and (e) for dual-band and quasi-elliptic responses,
respectively.

An added benefit of the proposed filter design approach is
that the devised filters also operate as nonreciprocal isolators
due to the use of FETs, thus exhibiting the RF codesigned
functionality of a filter and an isolator. Specifically, the band-
pass response is only achieved in one direction of transmission,
whereas in the reverse direction, the RF signals are highly
rejected. Thus, such an RF performance characteristic can be
exploited to miniaturize the RF front-end size through RF
components with collocated RF functionalities, which in this
case are the function of the BPF and the isolator.

In the following subsections, a thorough design process of
the active MMIC BPF concept is outlined, starting with the
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Fig. 3. Transfer functions of the resonant elements in Fig. 2.

compositions and properties of the passive resonant elements.
Then, the frequency-selective cell is analyzed in detail. Next,
it is shown how these frequency-selective cells are cascaded
to develop a BPF. The basic single-band BPF is then extended
to higher selectivity and multi-band architectures. Tunability
is later added by incorporating varactor diodes in the passive
resonant elements. Finally, the design parameters of the MMIC
lumped elements are explored.

A. Passive Resonant Elements

Fig. 2 shows a nonexhaustive list of passive resonant
elements that can be used within the frequency-selective cells
to achieve a variety of frequency-selective transfer functions.
Their individual transmission responses are shown in Fig. 3.
The simplest resonant element that can be used in the actively
coupled filter is the parallel LC tank resonator (Topology A),
which is shown in Fig. 2(a). As shown in Fig. 3, this circuit
results in one pole at its resonant frequency. The frequency
location of the pole is found as follows:

ωp = 1√
LC

. (1)

Fig. 2(b) shows that the Topology B resonant element
consists of an LC tank in parallel with a series LC resonator.
It exhibits a dual-band response (one pole in each band) with a
transmission zero (TZ) between the two bands. The locations
of the poles, ωp1,2, and TZ, ωt z , can be calculated as follows:
ωp1,2

=
√

A+B+C ∓ √
A2+B2 + C2 + 2AC + 2BC − 2AB

2AB
(2)

ωt z = 1√
A

(3)

A = L2C2 (4)

B = L1C1 (5)

C = L1C2. (6)

Fig. 2(c) shows the Topology C resonant element that
consists of two series resonators in parallel, which create
two TZs and one pole. The series resonators resonate at the
frequencies of the TZs, whereas the pole is located in-between
them. This circuit is useful to create quasi-elliptic-type transfer

Fig. 4. Circuit schematic of a frequency-selective cell that contains a
Topology A resonant element.

functions. The pole and TZs are located according to the
following equations, respectively:

ωp =
√

C1 + C2

C1C2(L1 + L2)
(7)

ωt z1 = 1√
L1C1

(8)

ωt z2 = 1√
L2C2

. (9)

B. Frequency-Selective Cell

The passive resonant topologies introduced in the previ-
ous subsection are used within frequency-selective cells to
create lossless responses in the active BPFs, as shown in
Fig. 1. In order to demonstrate the operating principles of the
frequency-selective cell, an ideal circuit schematic that uses
Topology A as its resonant element is shown in Fig. 4. The
element was designed for a center frequency of 8 GHz. The
circuit also comprises three dc bias voltages (V1, V2, and V3)
that are fed through ideal high-valued inductors, LDC, that
permit the flow of dc currents but reject the high-frequency
signals. Moreover, a high-valued capacitor, Cblock, is placed in
series with the inductor, L, to prevent it from grounding the
drain of the first FET and the gate of the second FET.

To match the input and output of the cell and select
the appropriate amount of gain, the biasing point of the
active devices needs to be appropriately selected through the
parametric analysis while ensuring that the circuit is stable.
Fig. 5 shows how the three bias voltages of the cell affect
its response when loss is present (Q = 20 for the inductor
L). As it can be seen, a BPF transfer function is achieved in
the forward transmission response (|S21|) and the magnitude
of the reverse transmission response (|S12|) is below −50 dB
across the entire frequency range, confirming the nonreciprocal
nature of the frequency-selective cells.

Fig. 5(a) shows the effects of V1, the first FET’s gate bias
voltage. As it can be seen, this voltage has no effect on
the output matching, but it does affect the amount of input
matching and the gain with lower voltages leading to higher
gains. Next, Fig. 5(b) shows how V2, the first FET’s drain
and second FET’s gate bias voltage, influences the overall
response. It is inversely proportional to the amount of gain
and the level of the output matching. It has a slight effect
on the input matching. Finally, Fig. 5(c) presents how V3, the
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Fig. 5. Simulated power transmission and reflection responses of the circuit
schematic in Fig. 4 for L = 0.117 nH (Q = 20) and C = 3.2 pF. (a) Variation
of V1. V2 = 1.09 V and V3 = 0.57 V. (b) Variation of V2. V1 = 1.13 V and
V3 = 0.57 V. (c) Variation of V3. V1 = 1.13 V and V2 = 1.09 V.

Fig. 6. K- and B1-stability factors of the single-cell circuit in Fig. 4 for
L = 0.117 nH (Q = 20), C = 3.2 pF, V1 = 1.13 V, V2 = 1.09 V, and
V3 = 0.57 V.

drain bias voltage of the second FET, influences the response.
As shown, V3 does not alter the input matching, but it does
change the amount of gain and the output matching. V3 has
less influence on the gain than the other bias voltages. The
K- and B1-stability factors for the circuit in Fig. 4 are shown
in Fig. 6 and corroborate its stability over the frequency range
of 0–50 GHz (i.e., K > 1 and B1 > 0 for the whole range).
All FETs used have a size of 2 × 25 μm.

Fig. 7. Circuit schematic of a three-cell actively coupled MMIC BPF (N = 3)
whose cells consist of Topology A resonant elements.

Fig. 8. Transmission and reflection responses of the three different frequency-
selective cells and the overall response of the three-cell BPF in Fig. 7. For
these responses, L1 = 0.116 nH (Q = 20), C1 = 3.8 pF, L2 = 0.117 nH
(Q = 20), C2 = 3.2 pF, L3 = 0.094 nH (Q = 20), C3 = 3.6 pF, LDC =
100 nH, CDC = 10 pF, Cblock = 500 pF, V1a = 1.12 V, V1b = V1c =
V2a = V2b = V2c = V3a = V3b = 1.14 V, V3c = 0.65 V, I1a = 23.8 mA,
I1b = 33.8 mA, I1c = 32.5 mA, I2a = 1.79 mA, I2b = 34.3 mA, I2c =
32.5 mA, I3a = 1.79 mA, I3b = 34.2 mA, and I3c = 43.8 mA.

C. BPF Design and Operating Principles

In order to create a filtering transfer function with the
frequency-selective cells (i.e., a BPF response), multiple of
them are cascaded together. To demonstrate the operating
principles of the filter cascade design concept, an ideal, three-
cell, active BPF was designed by cascading three cells similar
to the ones presented in Section II-B. Specifically, the cells
were made with lossy resonant elements (Topology A in
Fig. 2(a), L has a Q of 20) and the filter was centered at 8 GHz
with a bandwidth (BW) of 1 GHz (i.e., FBW 12.5%). The
schematic of the overall filter is shown in Fig. 7. DC-blocking
capacitors are added between cells to separate their dc biases.
The responses of the filter and its constituent frequency-
selective cells are shown in Fig. 8. It can be seen that the
reverse transmission (|S12|) is simulated to be below −150 dB
over the entire frequency range. The K- and B1-stability
factors were simulated to confirm unconditional stability in
the range of 0–50 GHz.

It can be seen from Fig. 8 that the cells exhibit dif-
ferent center frequencies and amounts of gain. The pre-
sented filter architecture differs from conventional designs
in terms of the coupling elements between resonators. The
resonators of a conventional filter are coupled by passive
admittance inverters made of LEs or distributed components
(e.g., microstrip) [25]. The type of the realizable transfer
function (e.g., Chebyshev and Butterworth) is determined by
both the resonator- and coupling-component values. On the
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Fig. 9. Simulated transmission responses of the circuit in Fig. 7 and its con-
stituent frequency-selective cells showing variation of the gain and resonant
frequency of each cell. The component values are listed in Fig. 8. (a) Variation
of the cell 1 gain. (b) Variation of the cell 1 resonant frequency. (c) Variation
of the cell 2 gain. (d) Variation of the cell 2 resonant frequency. (e) Variation of
the cell 3 gain. (f) Variation of the cell 3 resonant frequency.

other hand, in the proposed active BPF configuration, active
devices (i.e., FETs) provide the coupling mechanism between
the BPF’s resonant elements instead of admittance inverters.
In this scenario, only the resonant elements determine the
overall transfer function type. Thus, transfer functions with
shifted poles (e.g., a Chebyshev response) are produced by
shifting the frequencies of the poles resulting from the resonant
elements. Although it is difficult to define a filter order in the
traditional sense for this BPF, the transfer function selectivity
response is comparable to a second-order Butterworth BPF.

A BPF transfer function, such as the one in Fig. 8, is devel-
oped by first creating individual frequency-selective cells. The
overall response from the cascade of these cells is found by
simulating them altogether or by mathematically calculating
the response as follows [21]:

H (ω) = H1(ω)H2(ω), . . . , HN (ω). (10)

The desired response is obtained by varying the individual
cell parameters (i.e., resonant frequency and gain) by either
tuning or optimization. To demonstrate how the cell parame-
ters affect the overall transfer function, the center frequency
and gain of each cell are varied and the resulting responses
are shown in Fig. 9. Specifically, Fig. 9 plots both the overall

Fig. 10. Simplified circuit schematic of a three-cell actively coupled MMIC
BPF (N = 3) whose frequency-selective cells consist of Topology A resonant
elements. Some dc biases have been connected and cascaded FETs have been
removed.

Fig. 11. Simulated power transmission and reflection responses of the BPF
in Fig. 10. For this response, L1 = 0.116 nH (Q = 20), C1 = 3.8 pF, L2 =
0.117 nH (Q = 20), C2 = 3.2 pF, L3 = 0.094 nH (Q = 20), C3 = 3.6 pF,
LDC = 100 nH, CDC = 10 pF, and Cblock = 500 pF, V1 = 1.11 V, V2 =
1.12 V, and V3 = 0.62 V.

response of the cascade and the response of the cell that is
being altered. The gain is tuned through the first bias voltage
of a cell and the center frequency is tuned through the value
of the capacitor in cell’s resonant element. As it can be seen,
increasing the gain of any cell increases the amount of gain in
the overall response. Changing the center frequency of any cell
results in different transfer function shapes, particularly near
the passband. Thus, the gain and center frequency of each
cell can be varied to achieve a multitude of different transfer
functions.

The schematic in Fig. 7 can be greatly simplified and minia-
turized by combining some of the dc biases and removing
cascaded FETs. Fig. 10 shows a simplified version of the
three-cell schematic where some of the dc biases have been
connected and one FET between each connecting set of cells
has been removed. Fig. 11 plots the simulated response of the
simplified circuit. The transmission response is equivalent to
the one in Fig. 8 that resulted from the direct connection of
frequency-selective cells. However, the simplified circuit has
three dc biases (as opposed to nine) and requires only four
FETs (as opposed to six). The component values are the same
in the circuits of Figs. 7 and 10, but the dc voltages have been
readjusted since some have been connected and some FETs
have been removed.

D. Extension to Higher Selectivity and Multi-Band Designs

The other resonant elements in Fig. 2 (i.e., Topologies
B and C) can be used in the BPF design to obtain higher
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Fig. 12. Simplified circuit schematic of the quasi-elliptic three-cell actively
coupled MMIC BPF (N = 3) whose frequency-selective cells are made from
two Topology A resonant elements and one Topology C resonant element.
Some dc biases have been connected and cascaded FETs have been removed.

Fig. 13. Transmission and reflection responses of the three different
frequency-selective cells and the overall response of the three-cell BPF in
Fig. 12. For these responses, L1 = 0.116 nH (Q = 20), C1 = 3.8 pF, L2a =
0.7 nH (Q = 20), C2a = 1.2 pF, L2b = 0.66 nH (Q = 20), C2b = 0.32 pF
L3 = 0.094 nH (Q = 20), C3 = 3.6 pF, LDC = 100 nH, CDC = 10 pF,
Cblock = 500 pF, V1 = 1.12 V, V2 = 1.11 V, V3 = 0.62 V, I1 = 23.8 mA,
I2 = 99 mA, and I3 = 42.4 mA.

selectivity or multi-band transfer functions. For example,
Topology C introduces TZs to the response (see Fig. 3),
which can be used to create quasi-elliptic-type responses.
Fig. 12 shows the schematic of a BPF that uses Topology C
in its second frequency-selective cell. The schematic was
created by replacing the Topology A resonant element in
the second cell of the circuit in Fig. 10 with a Topology C
resonant element. Its ideally simulated overall and individual
cell responses are shown in Fig. 13. As it can be seen, the
use of one Topology C resonant elements results in a highly
selective response near the passband due to the TZs. The
component values and dc voltages were found through tuning
to obtain a quasi-elliptic BPF response in the same manner
as described in Section II-C. Although the filter order cannot
be specified in the traditional sense, its passband exhibits a
comparable selectivity to a third-order Butterworth BPF.

Dual-band responses are attained by using Topology B
resonant elements in the frequency-selective cells. Fig. 14(a)
shows a schematic that contains two cascaded cells that are
each made of a Topology B resonant element. Similarly, to the
design process described in Section II-C, some of the dc
biases have been connected and cascaded FETs have been
removed. The BPF in Fig. 14(a) results in two two-pole
passbands, as shown in the simulated responses in Fig. 15.
The selectivity of the passbands can be further enhanced by

Fig. 14. Simplified circuit schematics of the dual-band actively coupled
MMIC BPFs whose frequency-selective cells comprise of Topology B res-
onant elements. (a) Two-cell schematic (N = 2). (b) Three-cell schematic
(N = 3). Some dc biases have been connected and cascaded FETs have been
removed.

Fig. 15. Transmission and reflection responses of the three different
frequency-selective cells and the overall response of the BPF in Fig. 14(a).
For these responses, L1 = 0.28 nH (Q = 20), C1 = 1.38 pF, L2 = 1.39 nH
(Q = 20), C2 = 0.26 pF, LDC = 100 nH, CDC = 10 pF, Cblock = 500 pF,
V1 = 1.12 V, V2 = 1.13 V, V3 = 0.64 V, I1 = 23.8 mA, I2 = 67.7 mA, and
I3 = 43.4 mA.

cascading additional frequency-selective cells, as demonstrated
by the three-cell schematic in Fig. 14(b) and its simulated
response in Fig. 16. The use of additional cells to enhance
the selectivity of the response is also applicable to any of the
previously shown active BPFs.

E. RF Tuning and Varactor Diode Design

The frequency-selective cell can be made frequency tunable
by replacing the capacitor(s) in the resonant element with
a varactor diode and supporting biasing circuitry, as shown
in Fig. 17. A varactor diode can be created in an MMIC
platform by connecting the drain and source of an FET and
grounding the gate. The drain–source connection operates as
the cathode and the gate operates as the anode. The varactor
is reversed biased by applying a positive dc voltage, VT , to its
cathode. Fig. 18 shows the schematic of a frequency-tunable,
three-cell, active BPF. Its design is based on the schematic
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Fig. 16. Transmission and reflection responses of the three different
frequency-selective cells and the overall response of the BPF in Fig. 14(b).
For these responses, L1 = 0.32 nH (Q = 20), C1 = 1.18 pF, L2 = 1.65 nH
(Q = 20), C2 = 0.22 pF, LDC = 100 nH, CDC = 10 pF, Cblock = 500 pF,
V1 = 1.12 V, V2 = 1.14 V, V3 = 0.64 V, I1 = 23.8 mA, I2 = 102.6 mA, and
I3 = 43.6 mA.

Fig. 17. Varactor diode circuit that can be used to replace C in Fig. 4 to
make the frequency-selective cell tunable in terms of center frequency.

Fig. 18. Simplified circuit schematic of the tunable three-cell actively coupled
MMIC BPF (N = 3) whose frequency-selective cells comprise Topology A
resonant elements with the capacitors replaced by the varactor diode circuit in
Fig. 17. Some dc biases have been connected and cascaded FETs have been
removed for simplicity and size compactness.

in Fig. 10 where the resonant element capacitors (C1, C2, and
C3) have been replaced with the varactor diode and bias circuit
in Fig. 17.

The design studies of the varactor diode in Fig. 17 are
plotted in Fig. 19. Its design parameters are the number
of fingers in the FET, F, its gate width, W , and the bias
voltage, VT . As either F or W is increased, the capacitance
also increases and Q decreases. Fig. 19(c) shows that as VT

increases, the capacitance decreases and Q increases. This
verifies that this particular FET configuration acts as a varactor
diode and can be used to tune the circuit.

F. MMIC Lumped-Element Design

When implementing the LEs in a GaAs MMIC plat-
form, various design tradeoffs must be considered for each

Fig. 19. Varactor diode design studies based on the schematic in Fig. 17.
(a) Variation of the number of gate fingers, F . (b) Variation of the gate
width, W . (c) Variation of the bias voltage, VT .

Fig. 20. Layout and EM model of lumped components in a two-metal layer
MMIC stack-up. (a) Square inductor. (b) Capacitor.

component (i.e., the inductors and capacitors). The LEs were
designed using a two-metal layer MMIC stack-up using the
software package AXIEM from Cadence Design Systems and
the GaAs process design kit.

The layout of a designed square inductor is shown in
Fig. 20(a). Its inductance and Q are plotted against its physical
dimensions in Fig. 21. Specifically, the conductor width, WL ,
is varied in Fig. 21(a). As WL is increased, the inductance
decreases, but Q increases. Similarly, the separation between
loops, S, is proportional to Q but inversely proportional to the
inductance, as shown in Fig. 21(b). The number of loops, P ,
is changed in Fig. 21(c), which demonstrates that it strongly
affects the level of inductance with more loops leading to
higher values. Finally, Fig. 21(d) shows that the length of the
inductor, L L , also strongly correlates to its inductance.

A model of a capacitor is shown in Fig. 20(b). Its para-
meter design studies are shown in Fig. 22. In Fig. 22(a),
the width of the capacitor, WC , is varied, and in Fig. 22(b),
its length, LC , is changed. As to be expected, as either
dimension is increased, the capacitance is increased. As the
width is increased, the maximum Q also increased. Moreover,
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Fig. 21. Square-inductor design studies based on the model in Fig. 20(a).
(a) Variation of the conductor width, WL . (b) Variation of the spacing between
loops, S. (c) Variation of the number of loops, P . (d) Variation of the inductor
length, L L .

Fig. 22. Capacitor design studies based on the model in Fig. 20(b).
(a) Variation of the capacitor width, WC . (b) Variation of the capacitor
length, LC .

as the length is increased, the frequency of the maximum Q
decreases.

III. EXPERIMENTAL RESULTS

Four GaAs MMIC prototypes were designed, manufactured,
and tested at the X-band using the commercially available
GaAs process PIH-110 from WIN Semiconductors. They
include a static quasi-elliptic BPF with two TZs, two static
dual-band BPFs, and a tunable BPF, all centered at 8 GHz.
The prototypes were developed using the design methodology
in Section II. They were implemented in the two-metal layer
MMIC stack-up using the software AXIEM from Cadence
Design Systems. The RF characterization of the prototypes
was performed via on-wafer GSG-probed measurements using
a vector network analyzer that was calibrated using an off-chip
SOLT calibration kit. As such, the loss and effects of the
GSG launching pads are included within the measurements.
All measurements were verified to be stable in the frequency
range of 0–18 GHz using the K- and B1-stability factors.

A. Quasi-Elliptic BPF
A quasi-elliptic-type three-cell BPF was designed, man-

ufactured, and tested in order to showcase the use of the

Fig. 23. Photograph of the quasi-elliptic three-cell BPF prototype. The
simulated component values are: LDC = 10.6 nH, CDC = 2.6 pF, Cblock =
4.1 pF, L1 = L3 = 0.41 nH, L2a = 0.72 nH, L2b = 0.72 nH, C1 = C3 =
0.67 pF, C2a = 1.05 pF, and C2b = 0.29 pF.

Fig. 24. RF-measured and EM-simulated power transmission and reflection
responses of the three-cell quasi-elliptic BPF prototype in Fig. 23.

Topology C resonant element. It was designed by cascading
three cells, the first and third cell comprise Topology A
resonant elements, whereas the second is implemented by a
Topology C one. The schematic of the prototype is shown
in Fig. 12 and its photograph is presented in Fig. 23.
The quasi-elliptic BPF prototype and its RF-measured and
EM-simulated responses are shown in Fig. 24. As shown, they
are in good agreement with each other, successfully validating
the actively coupled MMIC filter design concept. Its measured
center frequency and BW are 7.8 and 1.04 GHz (13.3%),
respectively. It can be seen that the introduced TZs increase
the out-of-band rejection near the passband, verifying the use
of the Topology C resonant element. The measured linearity
in terms of one- and two-tone measurements at a frequency
of 7.8 GHz is shown in Fig. 25. The separation of the two
tones in the two-tone measurement is 10 MHz. The prototype’s
output-referred 1-dB compression point (P1dB) and third-order
intercept (OIP3) are measured to be −5.8 and −3.9 dBm,
respectively.

B. Dual-Band BPFs

Two dual-band (two-cell and three-cell) BPFs were
designed, manufactured, and measured. Topology B resonant
elements were employed in their design. Their schematics are
shown in Fig. 14 and the photographs of the prototypes are
shown in Figs. 26 and 27. The dual-band BPFs’ RF-measured
and EM-simulated responses are shown in Fig. 28. In par-
ticular, Fig. 28(a) shows the two-cell prototype’s responses.
The measured transfer function has bands centered at 6.58 and
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Fig. 25. RF-measured output power as a function of input power for the
quasi-elliptic prototype in Fig. 23 at a fundamental frequency of 7.8 GHz.
(a) One-tone measurement. (b) Two-tone measurement showing the funda-
mental frequency (P1) and the third-order harmonic (P3).

Fig. 26. Photograph of the two-cell dual-band BPF prototype. The simulated
component values are: LDC = 6 nH, CDC = 2.6 pF, Cblock = 5.6 pF, L1 =
0.15 nH, L2 = 1.4 nH, C1 = 0.95 pF, and C2 = 0.23 pF.

Fig. 27. Photograph of the three-cell dual-band BPF prototype. The simulated
component values are: LDC = 6 nH, CDC = 2.6 pF, Cblock = 5.6 pF, L1 =
0.15 nH, L2 = 1.4 nH, C1 = 0.95 pF, and C2 = 0.23 pF.

9.6 GHz, which have BWs of 0.71 GHz (10.8%) and 0.92 GHz
(9.6%), respectively. The measured P1dB’s are −6.7 and
−5.2 dBm, respectively, measured at the BPF’s center frequen-
cies. Moreover, the measured OIP3s are −5.3 and −1.5 dBm.
As it can be seen in Fig. 28(b), the three-cell prototype
results in a more selective frequency response than its two-
cell counterpart. The center frequencies of the three-stage BPF
are measured to be 6.6 and 9.7 GHz. Their respective BWs
are 0.5 GHz (7.6%) and 0.89 GHz (9.2%). The first band
has a measured P1dB of −6.4 dBm and OIP3 of −4.6 dBm.
They were measured at 6.6 GHz. The second band has a
measured P1dB of −5.3 dBm and OIP3 of −2.2 dBm, which
were measured at 9.7 GHz. These prototypes verify that the
active BPF concept can be used to create multi-band transfer
functions. Furthermore, they show that cascading additional
cells results in higher selectivity transfer functions.

Fig. 28. RF-measured and EM-simulated power transmission and reflection
responses of the dual-band active MMIC BPF prototypes that use Topology B
frequency-selective cells. (a) Responses from the two-cell prototype in Fig. 26.
(b) Responses from the three-cell prototype in Fig. 27.

Fig. 29. Photograph of the tunable three-cell BPF prototype. The simulated
component values are: LDC = 6 nH, CDC = 2.6 pF, Cblock = 6.7 pF, L1 =
0.12 nH, L2 = 0.2 nH, and L3 = 0.16 nH.

C. Tunable Three-Cell BPF

The tunable three-cell BPF prototype is made of Topology
A resonant elements. Tunability is implemented by replacing
the capacitors in the resonant elements with the varactor diode
circuit shown in Fig. 17. The overall schematic of the filter
is shown in Fig. 18. A photograph and its component values
are given in Fig. 29. Fig. 30(a) shows a comparison between
the RF-measured and the EM-simulated responses. The BPF
has a center frequency of 8.18 GHz and a minimum in-band
IL of 0.36 dB. The measured BW is 1.08 GHz (13.2%).
Fig. 30(b) shows the filter’s tuning ability while altering the
dc bias on the varactor diode. It can be tuned in the range
of 6.08–9.98 GHz (i.e., 1.64:1). As the filter is tuned, the
BW varies from 0.87 GHz (14.3%) at the lowest frequency
to 1.46 GHz (14.6%) at the highest. P1dB for one static state
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Fig. 30. Three-cell tunable active MMIC BPF prototype based on Topology
A resonant elements in Fig. 29. (a) RF-measured and EM-simulated power
transmission and reflection responses. (b) Measured center frequency tuning.

TABLE I

COMPARISON WITH OTHER ACTIVE MMIC BPFS

is −7.5 dBm, while the OIP3 is measured to be −2.5 dBm.
These were measured at 8 GHz.

D. Comparison With State of the Art
Table I compares the active MMIC BPFs presented in this

article to state-of-the-art (SOA) active MMIC BPFs. As it can

be seen, the proposed filter design concepts outperform the
SOA in a number of categories. Specifically, the proposed
tunable three-cell has the widest tuning range of all other
active MMIC BPFs. Moreover, a multi-band, active BPF
configuration is shown for the first time in this work. The
proposed BPFs are also among the most selective with the
three-cell quasi-elliptic filter having two TZs and exhibiting
the highest output-referred 1-dB compression point.

IV. CONCLUSION

A new class of active-type MMIC BPFs alongside a simple
RF design methodology have been presented in this article.
They are based on in-series cascaded cells that each consists
of two FETs and a resonant element. The FETs actively
couple resonant elements together and counteract the loss of
the passive components. Furthermore, the unilateral nature of
the FETs produces a nonreciprocal response in the overall
filter architecture allowing to embed the codesigned function
of an RF isolator within a filter, thus reducing the overall
size of the RF front end. A variety of transfer function types
such as multi-band and quasi-elliptic are possible by utilizing
different types of resonant elements. The cascaded resonant
element BPF concept was analyzed through studies on one-
and three-cell ideal filters. For experimental demonstration
purposes, four MMIC prototypes were generated and measured
at the X-band. They include a tunable three-cell BPF, two dual-
band BPFs, and a quasi-elliptic BPF.
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