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A Millimeter-Wave Power Amplifier With an
Integrated CMOS Isolator/Circulator/Receiver

Masoud Pashaeifar , Member, IEEE, Leo C. N. de Vreede , Senior Member, IEEE,
and Morteza S. Alavi , Senior Member, IEEE

Abstract—This article presents a reconfigurable millimeter-
wave (mm-wave) fully integrated transceiver (TRX) front end
that comprises a power amplifier (PA) and an integrated
nonreciprocal ultra-compact isolator/circulator/receiver (RX).
The circulator is based on a ring quarter-wave transmission
line (QTL) topology with adjusted characteristic impedances,
which improves transmitter (TX)-to-antenna insertion loss and
TX-to-RX isolation. The circulator’s nonreciprocal gyrator fea-
tures an AND-gate switching-based N-path filter while also
acting as a mixer-first RX. By activating the embedded cross-
coupled negative resistors, the circulator can be reconfigured as
an isolator. This compact N-path filter-based circulator/isolator
occupies only 0.38 mm2. Over a 27.1–31.1-GHz band, the realized
front end offers >20-dB TX-to-RX isolation, with a measured
TX-to-antenna insertion loss of 1.7∼2.2 dB. The RX path tolerates
the PA’s blocker signal, achieving 5-dBm in-band and 13-dBm
out-of-band (OOB) B1dB. The PA delivers 15.15-dBm peak
output power with 33% drain efficiency. The functionality of the
proposed frequency division duplex (FDD) front end is evaluated
by simultaneous TX/RX operation with a 400-MHz TX/RX mod-
ulation bandwidth and 400-MHz channel spacing. The measured
AM–PM of the realized PA with the integrated isolator shows
relatively high voltage standing wave ratio (VSWR) resilience at
the lower power level and less robustness against VSWR around
its peak output power. The front-end prototype occupies only
0.7 mm2, including circulator, PA, quadrature hybrid coupler
LO generators, and baseband circuits.

Index Terms—Blocker-tolerant receiver (RX), circulator,
CMOS, duplexer, fifth-generation (5G), frequency division
duplex (FDD), full-duplex, gyrator, in-band full-duplex, isola-
tor, millimeter-wave (mm-wave), mutual coupling, N-path filter,
power amplifiers (PAs), voltage standing wave ratio (VSWR)
resilience.

I. INTRODUCTION

M ILLIMETER-wave (mm-wave) bands accommodate
various high-throughput communication and high-

resolution sensing systems, such as 60-GHz Wi-Fi (IEEE
802.11ad and IEEE 802.11ay standards) [1], [2], [3] and
automotive radar [4], [5], [6]. Owing to silicon technology
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scaling, mm-wave phased-array systems enable the develop-
ment of satellite communication and fifth-generation (5G)
cellular wireless networks to address the demand for high
data throughput and low latency. In addition to allocating wide
channel bandwidth at mm-wave frequencies, dual orthogonal
polarization further increases channel capacity and enhances
spectral efficiency. Nevertheless, their shorter wavelength leads
to lower penetrability and higher free-space path loss, thus
limiting coverage [7].

Beamforming architectures address the required link budget
(LB) while reducing interference and increasing link security
[8]. However, the directional and line-of-sight connections
make the link even more susceptible to small obstacles,
degrading the distance and mobility support. Moreover, mm-
wave dual-polarized phased-array systems pose stringent
requirements on the transceiver’s (TRX) performance spec-
ifications, power consumption, and, most importantly, the
occupied silicon area.

The ongoing 5G new radio (NR) frequency range two (FR2)
standard has utilized mm-wave bands (e.g., 24.25–29.5 GHz,
37–43.5 GHz, and 47.2–48 GHz), while the time division
duplex (TDD) ensures channel reciprocity. Although industry
and research groups have vastly developed the 5G NR system
and shown promising performance in supporting multi-Gbit/s
data rate [9], [10], [11], [12], its coverage range must be
improved. However, TDD introduces additional delay due to
duplex switching, which becomes more pronounced when
using repeaters and relays for coverage extension. In addition
to TDD, full-duplex systems such as frequency division duplex
(FDD) and in-band full-duplex recently gained momentum,
envisioning more innovative and revolutionary link proto-
col design [13], [14], [15]. Considering the stringent area
restriction of the phased array structures, implementing the
front end with appropriate duplexing and bandpass filtering to
support the FDD and in-band full-duplex systems at mm-wave
frequencies is very challenging.

Employing separate antennas for the transmitter (TX) and
the receiver (RX) provides sufficient isolation in full-duplex
systems at the cost of a larger form factor [16]. Electrical
balance duplexer (EBD) and its counterparts, such as the
hybrid coupler and the Wilkinson combiner, offer a high
TX-to-RX isolation for a single-antenna system and occupy
a reasonably low area [17], [18], [19], [20]. However, they
still suffer from 3-dB loss at the TX and RX paths. Magnetic-
free CMOS circulators have recently been presented at RF

0018-9200 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and
similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: TU Delft Library. Downloaded on February 16,2026 at 08:28:21 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-1113-7075
https://orcid.org/0000-0002-5834-5461
https://orcid.org/0000-0001-9663-5630


526 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 61, NO. 2, FEBRUARY 2026

Fig. 1. Simplified form of the possible applications employing the mm-wave
integrated circulator/isolator. (a) In-band full-duplex TRX front end. (b) FDD
TRX front end. (c) PA with an integrated isolator.

and mm-wave bands for in-band full-duplex links [21], [22],
[23], [24], [25], [26]. As illustrated in Fig. 1(a), apart from
the circulator’s isolation, which is crucial to prevent the RX
from saturation, further self-interference cancellation (SIC) is
required. Nonetheless, achieving high SIC in a practical phased
array system considering process, voltage, and temperature
(PVT) variations and mutual coupling issues of the closely
spaced antenna arrays is a daunting task. Moreover, state-of-
the-art mm-wave CMOS circulators are still relatively large for
phased-array systems and introduce a high loss comparable to
EBDs and hybrid couplers.

Fig. 1(b) depicts an FDD TRX front end utilizing a circu-
lator as the duplexer. In contrast to in-band full-duplex, the
TX signal acts as an out-of-band (OOB) blocker and, hence,
demands a sharp bandpass filter (BPF). Because implementing
integrated compact BPF is not easily feasible at mm-wave,
standalone mixer-first RX architectures and active BPFs have
gained significant research attention [27], [28], [29], [30].
Recent advancements in LiNbO3 filters [31], [32] have demon-
strated reasonably acceptable performance within a compact
form factor, showing promise for future integration in mm-
wave systems. Moreover, in [13], an E-band Backhaul-on-glass
FDD module comprising TRX, power amplifiers (PAs), and
diplexer is introduced. However, due to its significant form
factor, the FDD module is not scalable in a phased array
system to enhance the link budget (LB).

In addition to the full-duplex TRX operation, the integrated
circulator can be reconfigured to an isolator. As depicted in
Fig. 1(c), despite the impedance of the PA and the antenna, the
isolator simultaneously provides matched sourcing impedance
for the antenna and optimum loading conditions for the PA.
This is opposed to the balanced amplifiers [33], [34] and the
reconfigurable matching networks [35], [36], [37], which only
provide matched loading conditions to the antenna or the PA.

This article demonstrates the feasibility and implementation
of two separate solutions for mm-wave phased array sys-
tems. First, we elaborate on our recently published compact
single-antenna mm-wave full-duplex front end [38] capable
of operating as an FDD front end, supporting simultaneous

transmit and receive (STAR) FDD communication with up
to 400-MHz modulation bandwidth. Second, we reconfigure
the chip to a voltage standing wave ratio (VSWR)-resilient
PA with an integrated isolator. The proposed reconfigurable
architecture features: 1) an mm-wave N-path filter as a non-
reciprocal gyrator that simultaneously functions as a blocker
tolerant RX; 2) a compact differential ring quadrature trans-
mission lines topology with adjusted characteristic impedances
to improve the TX-to-antenna insertion loss (ILTX), RX gain
(GRX), and TX-to-RX isolation; 3) an integrated push–pull
PA directly connected to the proposed circulator/isolator; and
4) embedded negative resistors to reconfigure the front end to
an integrated isolator.

This article is organized as follows. Section II presents the
system requirements and analysis. The proposed circulator/
isolator architecture is given in Section III, where we pro-
posed a pass-transistor-based AND-gate switching to realize an
N-path filter at mm-wave frequencies. Section IV elaborates
on the circuit implementation details of the 40-nm bulk CMOS
technology prototype. Section V presents the experimental
results of the FDD front end, and Section VI reports the
measurement results of the integrated isolator. Finally, this
article is concluded in Section VII.

II. MM-WAVE FULL-DUPLEX FRONT-END SYSTEM LEVEL
DESIGN AND TRADE-OFFS

This section discusses system design specifications and
trade-offs for an mm-wave phased-array full-duplex link.

A. LB Calculations

In a conventional single-input single-output (SISO) link, the
LB can be calculated as

LBSISO + LM = PTX + 2 × GA − PS-RX (1)

where PTX and PS-RX are TX signal power and RX sensitivity
of a TRX element, respectively. GA is the antenna gain and LM
is the link margin. As mentioned, modern communication sys-
tems aim to support multi-Gb/s data throughput by allocating
wider bandwidth, which means a higher RX noise floor. They
also employ high-order complex modulation schemes, requir-
ing a higher signal-to-noise ratio (SNR). As a result, the RX
sensitivity (PS-RX = −174 dBm+10 log BW+NFdB +SNRdB)
increases, thus, the LB decreases. As such, mm-wave bands
are inevitable in accommodating signals with large modulation
bandwidths. This attribute raises two more issues: 1) higher
free-space path loss and 2) lower TX output power due to
technology limitations at such frequency bands. In summary,
modern communications systems demand a higher LB to
address higher free-space path loss, while their LBs suffer
from high RX sensitivity and limited TX output power. To
address these challenges, as exhibited in Fig. 2, an N-element
phased array link offers 30 log N LB improvement.

As an example of a short-range link, for example,
d = 100-m line-of-sight, we assume two 64-element TRXs
employing a 400-MHz 64-QAM OFDM scheme (requiring
SNR = 25 dB) at the 28-GHz carrier frequency. Considering
4-dB antenna gain (GA) and 10-dB LM, PTX − NF > −13.79
dBm is required to address path loss of a 100-m long link.
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Fig. 2. LB calculation of a full-duplex link employing two N-elements
phased-array TRXs.

B. Isolation and Linearity Requirements

As depicted in Fig. 1(a) and (b), the TX signal interferes
with the RX as they operate simultaneously in a single
antenna full-duplex radio. Mitigating RX sensitivity degra-
dation caused by TX signal enforces stringent specifications
for duplexer (e.g., a circulator) isolation and RX linearity.
Moreover, an in-band full-duplex system employs SIC along
with the circulator’s TX-to-RX isolation (ISO) to ensure that
the TX signal and its distortions are well below the RX noise
floor. Therefore, as discussed in [21], ISO + SIC must be less
than PTX −NF+ 174 dBm− 10 log BW. However, in a phased
array system with the same RX and TX beam direction, since
the TX interferers are combined coherently alongside the RX
signals, the required ISO + SIC can be calculated as

ISO + SIC > PTX − NF + 174 dBm
− 10 log BWRX + 10 log N (2)

where BWRX is the RX signal modulation bandwidth and
PTX is the average TX output power per element. Here,
we assume equal TX and RX bandwidths. However, the
TX and RX bandwidths can be configured independently,
allowing asymmetric data links where uplink and downlink
rates differ. In this regard, if BWTX > BWRX, the required
ISO + SIC is relaxed. In this case, (2) should be modified by
−10 log(BWTX/BWRX) to account for the lower interfering TX
power density within BWRX. Conversely, if BWTX < BWRX,
the required ISO + SIC may be more stringent depending on
the modulation scheme and carrier-aggregation structure, and
a detailed per-carrier component (CC) analysis is necessary.

Now, assuming ISO = 20 dB and 400 MHz RX/TX modula-
tion bandwidth, SIC >72.21 dB is required for the design, as
previously mentioned. Nevertheless, extending in-band full-
duplex phased array systems requires a higher SIC, which
is practically difficult considering PVT variations and mutual
coupling.

Moreover, the dual-polarization feature introduces another
interferer due to the antenna’s limited horizontal–vertical
(H–V) isolation (e.g., 20 dB). Therefore, canceling perpen-
dicular polarization’s TX signal leakage is inevitable, making
the system even more complex. Therefore, even though
in-band full-duplex link architecture offers the highest

Fig. 3. TX-induced second-order distortion mechanism in the fully integrated
FDD TRX.

spectrum efficiency, it is not readily extendable to dual-
polarization massive-MIMO systems.

Similarly, a conventional single-antenna FDD system
demands high duplexer isolation. For instance, third-
generation (3G) wireless systems require >50-dB duplexer
isolation, where the duplexer handles 15-V signal swing to
support PTX = 24 dBm [18]. Such a duplexer adds high loss
(∼2 − 3 dB) at both RX and TX paths [39], degrading TX
efficiency and RX sensitivity. In contrast, in modern phased
array systems, a portion of the required LB is provided by the
overall beamforming gain (30 log N), which results in a lower
PTX per element while the RX sensitivity of each element is
higher. This relaxes the requirements on the duplexer isolation
and linearity for each TRX element, enabling fully integrated
mm-wave wideband full-duplex links.

As depicted in Fig. 1(b), in the RX path of an FDD system,
the channel selects filters to suppress the TX signal as well
as any other interferers, for example, mutual coupling and
orthogonal-polarization signals, to prevent RX amplifiers from
saturation. Therefore, unlike in-band full-duplex systems, a
dual-polarization phased array FDD system does not entail
another interferer cancellation loop but compels more stringent
OOB interferer rejection.

Even though the TX signal occupies another frequency
band, its noise and distortion levels must stay well below
the RX noise floor. This imposes a stringent requirement on
RX linearity and its OOB interferer tolerance specifications,
such as input 1-dB compression point (IP1 dB), input third-
order intercept point (IIP3), and, for a direct conversion RX
architecture, input second order intercept point (IIP2).

A conventional FDD system considers TX, RX, and
duplexer as separate components with their own specifications.
On the contrary, this work aims to study the design of a fully
integrated front end, including the duplexer. Therefore, we
redefine the TRX specifications based on the antenna port’s
signal levels, as shown in Fig. 3. We defined antenna-port
referred IIP3 (AIP3) and antenna-port referred IIP2 (AIP2) to
address TX-induced distortions. Thus, the AIP2 specification
can be calculated as

AIP2 > 2PTX − NF + 174 dBm − 10 log BWRX

+ 10 log N − 6 dB. (3)
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Fig. 4. Magnetic-free CMOS circulators [21], [25].

As with the ISO + SIC calculation, we assume equal TX and
RX bandwidths; therefore, a detailed analysis is required when
the TX and RX bandwidths are configured independently. Note
that, in practice, specifying the required distortion and noise
levels needs complex system-level calculations. Nevertheless,
these simplified equations help determine the trade-offs and
right design choices.

Recalling the design example introduced in Section II-A,
and considering that PTX−NF = −13.8 dBm while both the TX
and RX bandwidths are 400 MHz, the AIP2 can be calculated
as

AIP2 > 54.4 dBm − NF + 10 log N. (4)

Note that the TX impairments are assumed to combine coher-
ently, which is a somewhat pessimistic assumption.

III. PROPOSED MM-WAVE CIRCULATOR/
ISOLATOR ARCHITECTURE

As depicted in Fig. 4, the magnetic-free CMOS circu-
lators comprise a circle of three quarter-wave transmission
lines (QTLs) and a nonreciprocal linear periodic time-variant
(LPTV) circuit. LPTV provides a +90◦ phase shift in one
direction and a −90◦ phase shift in the opposite direction,
leading to wave propagation only in one direction. The LPTV
component can be implemented either by a two-port N-path
filter or a nonreciprocal delay. N-path filters occupy a small
die area and contain an embedded down-conversion path [22].
However, they are impractical at the mm-wave frequencies
as generating and amplifying the nonoverlapping clocks of
the N-path filter is challenging. Therefore, a nonreciprocal
delay technique has been exploited to extend the operational
frequency of the CMOS circulators to mm-wave at the cost
of occupying a relatively large area [25]. Nevertheless, both
LPTV solutions introduce a high ILTX, basically caused by
the switches’ impedance (RSW), and heavily depend on the
employed technology node.

To mitigate this undesired loss, we proposed a non-
continuous QTL characteristic impedance to have a degree
of freedom for optimizing ILTX. As depicted in Fig. 4, the
QTL impedance of the direct path is Z0, which defines the
impedance of the circulator, while the impedance of the two
other QTLs (Z1) is chosen to be greater than Z0. As discussed
in [21], the ILTX is mainly determined by RSW, independent of
the employed LPTV structure and its configuration. The ILTX
can be calculated as follows:

ILTX =
1

S 21
= 1 +

Z0RSW

Z2
1

. (5)

Fig. 5. Magnetic-free CMOS circulators utilizing an N-path filter as LPTV
and termination resistor placed at the (a) RX port and (b) baseband.

Fig. 6. Simulated and calculated ILTX versus Z1 while Z0 = 50 Ω.

As can be inferred from the above equation, selecting a larger
Z1 decreases the ILTX. Note that the TX bandwidth in the TX
path is largely determined by the PA and its matching network
and is not significantly affected by the value of Z1.

As exhibited in Fig. 5(a), the two-port N-path filter is
chosen in this work to benefit from its embedded down-
converter and compact die area. Considering Z0 = 50 Ω and
RSW = 10 Ω, Fig. 6 shows the simulation results with ideal
switches reasonably match the calculated ILTX using (5).

Since the N-path filter down-converts the RX signal, in the
full-duplex front-end mode of operation, the actual RX port
of the circulator is left open [RRX = ∞; see Fig. 5(a)] [22].
Therefore, assuming an infinite number of paths (N → ∞) and
using a relatively higher impedance value for Z1 compared
to Z0, the desired RX signal arrives with a higher voltage
amplitude at the baseband, benefiting the conversion gain
(GRX) and NF. However, due to the finite number of paths
(N = 4), the impedance presented by the N-path filter (RSH) is
limited. Thus, the GRX and NF improvements are not persistent
and slightly degrade at greater Z1 values. Utilizing RSW = 10 Ω

and CBB = 500 fF, the simulation results with ideal switches
are demonstrated in Fig. 7, which confirms the substantial
improvement of GRX, NF, and TX-to-RX isolation. As shown,
Z1 = 150 Ω is chosen in this design to maximize GRX and
TX-to-RX isolation and minimize ILTX and NF. Nevertheless,
to achieve the mentioned benefit, the giveaway is bandwidth.
Fig. 8 depicts GRX versus baseband frequency for various
Z1, where utilizing greater Z1 narrows the bandwidth. This
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Fig. 7. Simulated (a) GRX, NF and (b) TX-to-RX isolation versus Z1 while
Z0 = 50 Ω and CBB = 500 fF.

Fig. 8. Simulated GRX versus baseband frequency for various Z1 values while
Z0 = 50 Ω and CBB = 500 fF.

simulation results indicate an inverse relationship between Z1
and the 1-dB bandwidth (BW1 dB ∝ (1/Z1)); for example,
at Z1 = 100 Ω, the bandwidth is approximately 320 MHz,
whereas at Z1 = 200 Ω, the bandwidth decreases to roughly
155 MHz. Additionally, in an ideal scenario, assuming linear
passive components and that overall linearity is predominantly
determined by the mixers and the baseband amplifiers, this
increased voltage gain directly translates into a degradation
of the IIP2/IIP3 by roughly the same amount as the gain
improvement.

Moreover, as RRX = ∞ in the full-duplex configuration, the
RX signal passes through the nonreciprocal N-path filter in this
structure and is eventually absorbed in the TX port termination
[22]. Therefore, a termination resistor RRX must be employed
at the RX port to reconfigure the proposed circulator to an
isolator. Incorporating with RSH, the termination resistor must
provide a matching condition for the clockwise propagating
waves, thus establishing reverse isolation from the antenna
port to the TX port. Assuming matching conditions at TX and
antenna ports, the following condition must be satisfied for the
termination resistor:

RSH||RRX =
RSH × |RRX|

RSH + RRX
=

Z2
1

Z0
. (6)

Fig. 9(a) demonstrates the simulated S 12 (Port 1: TX and
Port 2: antenna) without (left) and with (right) RRX termination
resistor and reveals three observations: 1) even without a

Fig. 9. (a) Simulated S 12 without (left) and with (right) RRX termination
for various Z1 values while Z0 = 50 Ω, CBB = 500 fF, and RBB,RX = ∞.
(b) Resistor values required for RRX or RBB,RX for terminating the reflected
wave from the antenna port when the PA port is excited (clockwise propagat-
ing waves).

termination resistor, reverse isolation is achieved when Z1 =

70 Ω; 2) the bandwidth of the reverse isolation, achieved by
termination, decreases when it becomes greater than Z1; and
3) as shown in Fig. 9(b), a positive termination resistor is
utilized for Z1 < 70 Ω, while a negative resistor is required to
satisfy the termination condition when Z1 ≥ 70 Ω.

Moreover, Fig. 5(b) shows that the clockwise wave can be
terminated with the baseband resistors (RBB,RX). As reported
in Fig. 9(b), the required baseband resistors are larger than
RF termination, and their parasitics can be absorbed in the
baseband capacitors (CBB).

A. N-Path Filter Design

As mentioned, the nonreciprocal LPTV circuit is imple-
mented as two back-to-back N-path filters to benefit from their
compact area, which is crucial for phased array systems. In
a conventional N-path filter, for example, a four-path filter,
nonoverlapping 25% LO clocks are required to diminish
the charge sharing of switches, providing high-Q filtering.
Obviously, generating and amplifying 25% LO clocks requires
very broadband circuits, which are not feasible at the mm-wave
frequencies. In [40] and [41], a quadrature mixer topology is
introduced to avoid generating 25% LO clocks for SAW-less
GPS applications. Although it simplified the LO generation
circuitry, its overall performance does not advance the conven-
tional 25% LO quadrature mixer at GPS operational frequency.
We proposed an N-path filter structure with pass-transistor-
based AND-gate switches driven by quadrature 50% LO clocks
to achieve the nonoverlapping operation at the mm-wave
frequencies. In this context, as exhibited in Fig. 10, each
path’s capacitor is connected to the shared RF node when both
switches are ON, replicating bitwise AND-gate operation and
resembling 25% nonoverlap switching. Introducing an AND
gate series switch doubles the effective ON-resistance in the
signal path. To mitigate this, we compensate by doubling the

Authorized licensed use limited to: TU Delft Library. Downloaded on February 16,2026 at 08:28:21 UTC from IEEE Xplore.  Restrictions apply. 



530 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 61, NO. 2, FEBRUARY 2026

Fig. 10. AND-gate switching N-path filter’s principles.

size of the switches to maintain a comparable effective resis-
tance. However, this solution comes at the cost of doubling
the switch size, thus increasing the parasitic capacitance by
roughly 4×. The switches can be driven by sinusoidal LO
signals, which enables utilizing inductors to resonate out the
parasitic capacitors of the switches.

Unlike conventional subharmonic mixers, which use cas-
caded double-balanced mixers to operate at 2× LO frequency
with 50% switching [42], [43], the proposed structure creates
25% nonoverlap switching at LO frequency. A key advantage
of this design is its compact layout, where the series switches
are implemented as a single block without intermediate metal
connections. This minimizes parasitic capacitance at the mid-
dle node, crucial for maintaining high-frequency performance.

B. Design Choices

As mentioned, this article intends to study the feasibil-
ity of implementing two separate structures. Therefore, the
design choices are made to address the requirements of both
architectures instead of optimizing one’s performance. For
the nonreciprocal delay, the N-path filter can be implemented
single-ended or differential [21], [44]. We chose differential to
place the circulator between the PA and the balun. Hence, Z0 is
smaller (22 Ω instead of 50 Ω), thus, the inductors are smaller.
Moreover, the power handling of the circulator/isolator is
higher in the differential mode, and it can be scaled further by
reducing Z0. To increase output power, we need to decrease the
PA’s required optimum load (Ropt), which scales power han-
dling accordingly. Nonetheless, the differential structure offers
less conversion gain and NF in the FDD front-end configura-
tion. Its performance also suffers from step-down impedance
and balun loss. The required PTX −NF > −13.79 dBm can be
achieved since the power handling is higher. Additionally, the
differential structure possibly offers a higher AIP2.

IV. CIRCUIT IMPLEMENTATION

Fig. 11 demonstrates a detailed schematic of the proposed
mm-wave circulator/isolator featuring two back-to-back AND-
gate switching N-path filters. A two-step lumped-element
CLC π-network is employed to realize the circulator’s
PA-to-antenna QTL. Its equivalent impedance Z0 is set to 22 Ω

to match Ropt as integrated into a PA’s matching network. Two
70-Ω LCL π-networks are utilized to form the circulator’s
remaining QTLs. They connect the TX and antenna ports
to the LPTV circuit and perform dc blocking. Here, the
LCL’s top side inductors are absorbed in C1. Accordingly,

Fig. 11. Schematic of the proposed circulator/isolator.

the proposed LPTV circuit is implemented by two-differential
N-path filters (see Fig. 10), whose switches are realized
by NMOS transistors with relatively large channel width
(80 µm) to minimize their ON-resistance (RSW). In 40-nm
bulk CMOS technology, the NMOS devices exhibit an ON-
resistance of approximately 1 kΩ/µm. The parasitic capacitors
of the switches are resonated out by two differential inductors,
which are combined with the LCL’s bottom-side inductors.
Additionally, two 5-bit tunable capacitors are employed to
adjust the resonance frequency. As depicted, the inductors
are implemented with an 8-shape to minimize the unwanted
couplings, thus enabling a compact layout.

The down-converted baseband signals are amplified by
self-bias inverter-based transconductance amplifiers and their
subsequent open-drain NMOS transistors. A two-step attenua-
tor is implemented in each baseband path, providing possible
attenuations of 8 and 16 dB. Besides, 4-bit tunable capacitors
are utilized in the baseband to control the RX bandwidth
slightly.

As discussed, negative resistors are utilized in the baseband
to provide matching conditions for the clockwise propagating
waves in the isolator configuration. The negative resistors
are implemented using 6-bit switchable cross-coupled NMOS
transistors. Their supply voltage (Vng) is provided from the
center tap of the 8-shaped inductors. Note that the center tap
is open when the circulator configuration is employed.

Regarding stability, using negative resistors in the isolator
configuration could potentially create a loading condition
that might destabilize the PA or affect return loss. Although
we ensure that the PA is unconditionally stable under the
tested conditions; however, in a practical implementation,
temperature-based reconfiguration of the negative resistors
may be required to ensure consistent stability over varying
environmental conditions.

Fig. 12 exhibits the implemented quadrature LO generator.
Two differential transformer-based quadrature hybrid couplers
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Fig. 12. Schematic of the quadrature LO generator and the 2-D layout view
of the implemented QHC.

Fig. 13. Schematic of the proposed PA with an integrated circulator/isolator.

(QHCs) generate the mm-wave sinusoidal quadrature LO
clocks. Two differential inductors are used to resonate out the
parasitic capacitors of the N-path filter’s switches. Moreover,
a neutralized common-source input amplifier provides the
required LO power level of QHCs.

Fig. 13 demonstrates the schematic of the proposed PA
with an integrated circulator/isolator. The circulator/isolator is
located between the PA and the output balun. A neutralized
common-source push–pull PA is designed with an input second
harmonic short condition to boost its linearity. Besides, an
8-shaped symmetrical inductor resonates out the parasitic
capacitors of the PA and provides its dc feed. Finally, a
neutralized common-source pre-driver is implemented to drive
its following PA.

V. MEASUREMENT RESULTSPART—I:
“AN FDD FRONT END”

Fig. 14 exhibits the die micrograph of the mm-wave
PA with an integrated circulator/isolator and the standalone
mm-wave circulator/isolator. The chip is fabricated in 40-nm
bulk CMOS technology. The core area occupied by the
proposed circulator/isolator, its LO generators, and baluns is
0.38 mm2, while the PA with an integrated circulator/isolator
occupies 0.7 mm2. All measurements are performed using a
high-frequency probe station. The dc supplies, bias voltages,
digital control signals, and RX baseband signals are wire-
bonded directly to an FR4 printed circuit board (PCB). This
work uses a 1-V supply voltage for the pre-driver, PA, and
LO amplifier, while 1.4-V is used for baseband self-biased
transconductances. This section presents the measurement

Fig. 14. Die micrograph of the proposed PA with an integrated
circulator/isolator.

Fig. 15. Measured (a) small-signal S-parameter, (b) RX gain versus baseband
frequency, (c) RX-gain at various LO frequencies, (d) TX-to-RX isolation,
(e) TX-to-antenna insertion loss over the 20-to-36 GHz band, and (f) noise
figure.

results for the circulator/RX configuration to support the mm-
wave FDD front end. Note that the cross-coupled negative
resistors are off in this configuration, and the switches at
the circulator’s 8-shaped inductors’ center tap are open. In
all measurements presented in this section, the baseband
amplifiers remain active.

A. Circulator Performance

Fig. 15 exhibits the S-parameter measurement results of the
circulator, including its baluns’ loss. The RX achieves 400-
MHz 3-dB bandwidth (B3dB) with 18-dB gain, and 20-dB
rejection at 1-GHz spacing away from the carrier frequency.
Moreover, the circulator is widely tunable over a 22-to-36-
GHz band trade off, which exists in a 30-dB TX-to-RX
isolation in an 800-MHz bandwidth. It also offers >20-
dB isolation within the 27.1–31.1-GHz band. The measured
ILTX is 1.7–2.2 dB, and the noise figure (NF) is 18.9–20.3
dB in the same band. Note that the measured NF includes
the insertion-loss/NF of the circulator and the mixer-first
down conversion path. Simulations indicate that the balun’s
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Fig. 16. (a) Measured (solid lines) and simulated (dashed lines) small-
signal S-parameters, (b) measured large-signal CW, and (c) measured 64-QAM
OFDM signals spectrum and EVM versus output power of the TX path for var-
ious modulation bandwidths. The measured constellations of (d) 1024-QAM,
(e) 256-QAM, and (f) 64-QAM OFDM signals.

Fig. 17. Measurement setup and the measured IIP3.

impedance transformation (50 → 22 Ω) incurs about 5.6 dB
of loss, the circulator stage adds roughly −3.3 dB—primarily
due to the high effective switch resistance (25 Ω), even though
a gain was expected—and the mixer contributes about 1.2-dB
conversion loss. Additional degradation from parasitic capac-
itances further impacts performance. Therefore, there is a
trade-off between PA power handling and RX’s NF. Here,
we prioritized the PA power handling for the benefit of the
isolator configuration. Nevertheless, employing more advanced
technology nodes that offer lower switching impedance with
much lower parasitic capacitors can improve RX performance
and ILTX, thus increasing TRX’s LB.

B. Tx Performance

Fig. 16 demonstrates the small-signal and large-signal per-
formance of the TX path. The S-parameter measurement
results show that the integrated PA offers almost 10-GHz B3dB

Fig. 18. Measurement setup and the measured TX induced B1 dB at various
carrier frequencies.

Fig. 19. Measurement setup and the measured PA OIP3, FDD front-end AIP3,
and AIP2.

with 15.4-dB small-signal gain. Owing to the relatively low
measured ILTX, the PA achieves 15.15-dBm peak power at
the antenna port with 33%/24.2% drain-efficiency/PAE. Its
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Fig. 20. OFDM signal measurement results of the RX path.

Fig. 21. RX EVM degradation under the OOB CW TX blocker measurement
setup and results.

P1 dB also exceeds 14 dBm. The spectrum and EVM of the
modulated 64-QAM OFDM signals with various modulation
bandwidths, up to 2 GHz, are depicted in Fig. 16. Additionally,
the measured constellations of 1024-QAM, 256-QAM, and
64-QAM OFDM signals are shown, achieving up to 12 Gbit/s
data rate, which is limited by measurement instruments.

C. RX Performance

First, the IIP3 is measured using the measurement setups
shown in Fig. 17, where the measured IB IIP3 is 2.8 dBm
while the related OOB IIP3 at 600 MHz offset is 15 dBm.
As illustrated in Fig. 18, RX gain compression under a large
blocker is measured when the CW blocker signal is applied
to the PA, and its power is measured and reported at the
antenna port. The measured TX induced B1 dB at various
carrier frequencies are demonstrated in Fig. 18, where the front
end achieves better than 5-dBm IB TX induced B1 dB while its
OOB TX induced B1 dB is 13 dBm, confirming its capability
to support FD and FDD TRX operations. Additionally, OIP3
of the PA and AIP2/AIP3 of the fully integrated FDD front
end are measured using the measurement setups shown in
Fig. 19. Fig. 19 presents the measured PA OIP3, FDD front
end AIP3, and AIP2. A class-AB biasing condition is employed
to diminish PA’s OIP3 contribution to AIP2, while the second
harmonic is shorted at the PA input. As determined by (4), the
FDD front end may require a higher OOB AIP2, depending
on the modulation bandwidth and number of antennas. Hence,
a better layout practice, an improved ground and supply
isolation, and an IIP2 calibration can potentially improve AIP2.

Moreover, Fig. 20 exhibits a 64-QAM OFDM spectrum
and EVM with modulation bandwidths up to 400 MHz. The
RX EVM degradation under an OOB CW TX blocker is also
measured; as shown in Fig. 21, a CW TX blocker level that
causes a 1-dB degradation in the EVM of a 400-MHz OFDM

Fig. 22. Full simultaneously transmit and receive FDD measurement results.
A −35-dBm 400-MHz 64-QAM OFDM RX signal at the 28-GHz carrier
frequency is injected into the antenna port through a directional coupler.
Simultaneously, a −11-dBm 400-MHz 64-QAM OFDM TX signal at the
28.8-GHz carrier frequency is delivered to the antenna port by the PA.

Fig. 23. Measured S 12 of the standalone isolator while cross-coupled negative
resistors are ON.

signal is observed. This measurement not only reflects linearity
degradation but also captures the TX-induced degradation in
the RX NF. Owing to the circulator’s effective suppression
of TX leakage, the TX-induced NF and linearity degradation
remain within acceptable limits, as evidenced by the modest
overall EVM degradation. Consequently, the proposed front
end can support FDD, although an additional SIC is required
for IBFD applications.
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Fig. 24. (a) Simplified measurement setup. The measured load provided by the isolator for (b) VSWR 2:1, (c) VSWR 3:1, and (d) VSWR 4:1.

Fig. 25. Measured S 22 of the PA with the integrated isolator while cross-
coupled negative resistors are ON.

Lastly, Fig. 22 demonstrates full FDD measurement results,
where a −35-dBm 400-MHz 64-QAM OFDM RX signal at
28-GHz carrier frequency is injected to the antenna port, while
a −11-dBm 400-MHz 64-QAM OFDM TX signal at 28.8-GHz
carrier frequency is delivered to the antenna port. Note that
TX IMD2 limits the PA’s output power and requires further
IIP2 calibration. The baseband spectrum shows >40-dB TX
suppression owing to TX-to-RX isolation of the circulator and
suppression of the N-path filter down-converter.

VI. MEASUREMENT RESULTSPART—II:
“A VSWR RESILIENT PA”

This section presents the measurement results of the isolator
configuration, where the switches at the circulator’s 8-shape
inductors’ center tap are connected to a 0.7-V supply. Using
6-bit control settings, a fraction of cross-coupled negative
resistors turn on to achieve reverse isolation in the isolator. As
we expected, Fig. 15(a) shows that in the standalone circulator
configuration, S 12 is almost equal to S 21, achieving no reverse
isolation. On the contrary, Fig. 23 reports the measured S 12
of the stand-alone isolator configuration, showing >15-dB
reverse isolation. This reverse isolation is necessary to provide
optimum loading conditions for the PA independent of the
actual antenna load. Since the integrated isolator is part of the

PA, its power consumption must be taken into account; hence,
the revised peak PAE is 15.1%.

The unexpected behavior in Fig. 23 at FTX−FISO ' 0.2 GHz
is due to LO leakage from the N-path filter, which interferes
with small-signal CW measurements. This effect is exacer-
bated by the lack of phase synchronization between the VNA
and LO signal source, as well as low measurement power.
To mitigate this, the isolator’s operating frequency (FISO)
was tuned 200 MHz away from the LO frequency, using the
5-bit tunable capacitors (see Fig. 11), though some residual
LO leakage remains, explaining the observed artifact.

Fig. 24(a) presents the simplified setup used to measure
the load provided by the isolator for the PA. Fig. 24(b)–(d)
exhibits the measured load at 28.5 GHz, where the blue line
is the VSWR of the antenna provided by the load tuner, the
red line is the load seen by the PA when the isolator is off,
and the green line is the load seen by the PA when the isolator
is ON. The measurement results confirm that the isolator can
always provide a perfect optimum load for the PA even for
VSWRs 4:1. Note that the radius of the red circle is smaller
than the antenna VSWR circle owing to the loss of the balun
and the circulator/isolator.

Furthermore, the PA with the integrated isolator is evaluated.
As shown in Fig. 16(a), S 22 of the PA in the FDD front-
end configuration is around 10 dB. However, since the signal
injected from the antenna port is absorbed in the isolation
configuration, S 22 is expected to be improved. Fig. 25 exhibits
the measured S 22 of the PA when a fraction of the cross-
coupled negative resistors is ON. As shown in Fig. 9, a narrow
band S 12 and consequently a narrow band S 22 were expected
as we chose a larger Z1 value compared to Z0. Nonetheless,
the bandwidth can be improved by selecting a smaller Z1 at
the cost of higher ILTX.

Lastly, we measured the amplitude-to-phase (AM–PM) dis-
tortions at the input compression point (IP1dB) of the PA
versus load VSWR. Fig. 26 compares the measured AM–PM
distortions and IP1dB (circles) of the PA with and without the
isolator’s contribution. Note that we reported 12 measurement
results for VSWR 1:1 to show the repeatability of the mea-
surements. As demonstrated, the isolator provides a relatively
high VSWR resiliency at the lower powers. However, moving
toward peak power, the AM–PM improvement degraded due
to the saturation of the switches. As such, the voltage swing
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Fig. 26. Measured AM–PM distortions and IP1dB of the PA with and without isolator’s contribution.

TABLE I
PERFORMANCE SUMMARY AND COMPARISON TO PRIOR WORKS

at the N-path filter nodes can be reduced by choosing a
smaller Z1 in the cost of higher ILTX. IP1dB follows a similar
trend, indicating limited improvement at higher output power
levels.

Table I summarizes the measured results of the pro-
posed mm-wave front end and compares them with those
of the state-of-the-art in three different modes of opera-
tion, namely, non-reciprocal circulators/RXs, blocker-tolerant
RX/filters, and FD/FDD front end. To the best of the author’s
knowledge, the realized prototype is the first reconfigurable
fully integrated mm-wave FDD front end featuring integrated
PA, isolator, circulator, and RX.

VII. CONCLUSION

This article features a fully integrated mm-wave FDD front
end, comprising a two-stage PA, an integrated circulator as the
duplexer, and a mixer-first RX implemented as a part of the cir-
culator. The proposed circulator/isolator is realized by utilizing
an advanced ring QTL topology with adjusted characteris-
tic impedances to improve TX-to-antenna insertion loss and
TX-to-RX isolation at the cost of a narrower bandwidth. The
implemented circulator’s LPTV circuit consists of an AND-
gate switching-based N-path filter, enabling a mixer-first RX
operation. As a proof of concept, a configurable prototype chip
is realized in 40-nm bulk CMOS whose circulator occupies
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only 0.38 mm2 core area, thanks to the ultra-compact N-path
filter structure. Including its isolator’s loss, the PA delivers
15.15 dBm peak output power with 33% drain efficiency. The
realized front-end prototype occupies only 0.7 mm2, including
circulator, PA, quadrature hybrid coupler LO generators, and
baseband circuits. The functionality of the proposed FDD front
end is evaluated by a STAR measurement with 400 MHz
TX/RX modulation bandwidth and channel spacing. Moreover,
the PA with the integrated isolator showed a significant VSWR
resiliency at the lower power level. However, its robustness
against VSWR was degraded around its peak output power.
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