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Abstract—This article presents a 22.6-39.2-GHz reflectionless
receiver (RX) capable of reducing the in-band intermodulation
and high-order mixing products. Such RX consists of an absorp-
tive IF amplifier, a double-balance passive mixer, and a dual-
path noise-canceling low noise amplifier (LNA). The absorptive
IF amplifier is utilized to suppress the out-of-band signal reflected
back to mixer, which can reduce the intermodulation and
high-order mixing products caused by the remixing of the out-
of-band signals. Meanwhile, the dual-path noise-canceling LNA
is used for achieving low noise figure (NF) in a wide frequency
range. To verify the aforementioned principle, a reflectionless
RX is implemented and fabricated using a conventional 28-nm
CMOS technology. The measurement shows the minimum NF
of 3.6 dB and the peak input third-order intercept point (IIP3)
of —11.7 dBm. Besides, the proposed RX can support multi-
Gb/s, 256-quadratic amplitude modulation (QAM)/1024-QAM
modulation signals.

Index Terms— Absorptive IF amplifier, CMOS, high-order
mixing product, receiver (RX), reflectionless.

I. INTRODUCTION

ODERN multi-standard wireless systems provide high

data rates using the wideband millimeter-wave spec-
trum and high-order modulation. As the key sub-system in
the wideband wireless systems, the receiver (RX) should be
developed with high dynamic range and high signal quality
within a wide operating frequency range. Therefore, mul-
tiple technologies, such as linearity improvement [1], [2]
and noise canceling [3], [4], are developed and introduced
to the wideband RX with sub-circuit designs. However, the
ever-developing of modern and coming wireless applications
(e.g., 5G, vehicles, and intelligent manufacturing) occupies
the spectrum and makes the wideband RX operate in a com-
plicated electromagnetic (EM) environment, where multiple
in-band RF signals (i.e., desired signal, imaging signals, and
blockers) are received by the RX in practical applications.
Meanwhile, the receiving signals along with the local oscil-
lator (LO) signal generate unpredictable intermodulation and
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Fig. 1. Principle and configuration of (a) conventional heterodyne RX and
(b) proposed reflectionless RX with absorptive amplifier and dual-path noise-
canceling LNA.

high-order mixing products in the non-linear device of RX.
Those imaging signals, blockers, and mixing products located
in the receiving channel (i.e., RF domain and IF domain)
interfere with the desired signals, hence degenerating the RX
performance significantly. The image signal can be located at
the stopband of the RF domain and suppressed by an RF filter
once the high IF architecture is used [5]. Besides, the image
signal allocated in RF passband can be reduced using the 1Q
architecture [6]-[11]. For the in-band blocker suppression, the
spatial filter can be utilized in the RX array systems [12]-[17].

The recent studies reveal that the intermodulation can
be suppressed by reducing the inter-stage signal reflection
between mixer and filter in the RX systems [18], [19]. The
key to achieve such non-reflection operation is utilizing the
absorptive or reflectionless components in the IF domain. Con-
ventional absorptive or reflectionless components are mainly
designed in two topologies.

1) Introducing a symmetrical network to ensure that
the even- and odd-mode reflection coefficients of the
two-port components are equal in amplitude and oppo-
site in sign (i.e., [, = —T,), therefore, the reflection of
the two-port components can be theoretically reduced to
zero in a wide frequency range [20].

2) Design an auxiliary signal path with the complemen-
tary frequency response to the main signal path (e.g.,
bandstop auxiliary path to the bandpass main path, both
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Fig. 2. Configuration of a nonlinear device connected with a linear network.

operated at the same center frequency with the same
bandwidth), where the out-of-band signal is dissipated
in the loaded resistor of auxiliary path [21].

Nonetheless, the aforementioned two topologies require one
or multiple 1/4 wavelength transmission lines that limit the
application in a compact integrated RX design. Therefore,
using a reflectionless technique to suppress the intermodula-
tion in high-performance integrated RX still remains a great
challenge.

This article is an extension of the authors’ previous
work [22], which presents a reflectionless RX capable
of reducing the in-band intermodulation interference and
high-order mixing products. Such RX consists of an absorptive
IF amplifier, a double-balance mixer, and a dual-path noise-
canceling low noise amplifier (LNA). Then, the proposed
reflectionless RX is designed and implemented in a 28-nm
CMOS technology for verification, while the measured result
exhibits a state-of-the-art performance. This article is orga-
nized as follows. The prototypes with principle and theoretical
analysis of the reflectionless RX and absorptive IF amplifier is
discussed in Section II, while Section III presents the circuit
implementation. In Section IV, the proposed reflectionless RX
is fabricated, measured, and compared with the state of the
arts. The conclusion is summarized in Section V.

II. PRINCIPLE AND OPERATION

Fig. 1(a) shows the typical configuration of a heterodyne
RX [23], [24]. After amplifying by the LNA, the RF signal
is mixing with the LO in the nonlinear mixer, hence gener-
ating the mixing products, including the required IF signal,
harmonics, and intermodulation. In general, the IF domain of
such RX consists of the IF amplifier and IF filter with bandpass
filtering function, which can increase the IF signal gain and
prevent the unwanted mixing products from interfering in the
following stages. The conventional IF filter with bandpass
response reflects the out-of-band signals back to the mixer,
and those reflected signals will generate additional undesired
intermodulation and high-order mixing products by remixing
with the RF and LO signals. Most of the unwanted signals
can be reduced by the IF filter. However, the increasingly
complex EM environments in modern wireless systems make
the mixing products unpredictable. In some cases, some of
the mixing products that fall into the IF passband cannot be
suppressed by the IF filter, which will interfere with the IF
signal and influence the RX performance significantly. There-
fore, the reflcetionless operation can be introduced into the
RX to reduce the interference caused by the signal reflection.

The architecture of the proposed reflectionless RX is shown
in Fig. 1(b), which consists of a noise-canceling LNA,
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Fig. 3. (a) Calculated nonlinear response in different cases without
interconnection. (b) Calculated nonlinear response in different cases with
interconnection. Nonlinear parameters n;12 = ny,; = 0.4, ny13 = ni31 = 0.2,
nip3 =ng2 = 0.1, and n,12 = ny21 = np13 = 031 = N3 = np32 = 0.2 are
used for calculation, while the inductance, capacitance, and resistance are
normalized.

a double-balance mixer, and a differential absorptive IF ampli-
fier. Compared to the conventional RX, the absorptive IF
amplifier is utilized to replace the reflect-type IF circuit. Such
an absorptive IF amplifier can provide a bandpass response,
while the signal absorption networks are used to dissipate the
out-of-band signals without reflecting them back to the mixer.
Therefore, the high-order mixing products and intermodulation
interference caused by the remixing of the reflected signal
can be suppressed, and the received signal quality can be
improved. Meanwhile, the double-balance mixer is utilized
to suppress the LO leakage. Besides, the noise-canceling
LNA is introduced to reduce the noise figure (NF), hence
improving the signal-to-noise ratio (SNR). To further clarify
the aforementioned mechanisms, the rest of this section will
provide the detailed analysis of the principle and sub-circuit
design of the proposed reflectionless RX.

A. Linearity Enhancement Using Reflectionless Operation

In the RX system, the high-order mixing products and inter-
modulation interference are induced due to the nonlinearity
of active devices, especially the mixer. In general, the mixer
generates high-order mixing products not only from the RF
and LO signals but also from the reflection signals of IF
amplifier. To analyze the effect of signal reflection between
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Fig. 5. Calculated S;; of reflectionless amplifier in a different number of
distributed LC stages. The parameters used in the calculation are given in
Fig. 4,and L) =Ly = L3z = L;, = 150 pH are used in the calculation.

mixer and IF amplifier, a simple model of a nonlinear system
is shown in Fig. 2. Such a nonlinear system consists of a
nonlinear device connected to a linear network. Considering
the nonlinear device with three harmonics, the nonlinear S-
parameter (i.e., S4) can be expressed as [25]

Y Y
SA=|: All 512} (D
Saor Sam
where
Saiji1 - Saijiz - Saij1z
Saij = | Saijat Saij2 Saij2s |- (2)
Saij3at Saijz2 Saijn

For each parameter Sa;ji;, i and j refer to the output and
input ports, respectively, while & and / are the harmonic
indexes of output and input waves, respectively. As shown
in Fig. 2, assuming that the nonlinear device is connected to
a unidirectional linear network with ideal unity gain and an
input reflection coefficient of I', then, the S-parameter of the
linear network Sg and the transmission coefficient of the whole
system (i.e., St21) [26] can be derived as follows:

Sgi1 SB12 r o
Sg = = 3
i [51321 SB221| [ 1 01| 3
St2111 St2112 St2113
Sta1 = | St2121 Stz St
St2131 St2132 ST2133
-1
= SBZ] (I - SIIAZZSB”) SIIAZI‘ (4)

Here, the I' matrix for linear network is expressed as

rh o o0
r=10 I, 0 (5)
0 0 Iz

where I',, is the reflection coefficients of n-order harmonic.
To simplify the analysis, assume that the nonlinear device with
unity gain provides ideal isolation and input matching (i.e.,
Sh11 = Si12 = 0). The nonlinear responses to the input signal
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(a) Schematic of the proposed absorptive IF amplifier. (b) Schematic and simulated input impedance of the conventional CS amplifier. (c) Schematic

and simulated input impedance of the conventional CS amplifier with low- and high-frequency signal absorption networks. (d) Simulated S-parameter of the

conventional amplifier and the proposed absorptive amplifier.

and reflected signal are expressed as

! ng12 N3

Sggl = | N1 1 ne3 (6)
| n31 nge 1
[0 o ns

Sggz = | nr21 0 n23 (N
| 731 2 O

where n; and n, are the nonlinear coefficients of transmission
and reflection signals, respectively. The output of a nonlinear
system (i.e., by, where k is the harmonic index of output wave)
can be calculated by the input wave (i.e., @;, where [ is the
harmonic index of input wave) and the nonlinear S-parameter
of the system, which is expressed as b = Sra [25]. Therefore,
from a linear source with only fundamental signal output, i.e.,
a = (1,0,0)7, the output wave of the nonlinear system can
be derived as

b 1 Sta111
by | =821 0| =] St2121 |- ()
b3 0 St2131

Here, b; is the fundamental signal output of the system,
while the physical meanings of b, and b3 are the second-
and third-order harmonics generated from the fundamental
input signal, respectively. Two reflective networks (i.e., Cases
1 and 2) and one reflectionless network of Case 3 are directly
connected to the nonlinear device (i.e., Sp), as shown in
Fig. 3(a). The calculated results show that the nonlinear
responses b, and b3 are varied with frequency in Cases 1 and 2,
while Case 1 shows improved nonlinear response compared
to other cases. However, the interconnection is required in the
circuit implementation. Once the interconnection is taken into
consideration, the nonlinear responses in Cases 1 and 2 are
degraded rapidly in some frequencies, as shown in Fig. 3(b).
Therefore, any reflection would cause unpredictable linearity
degeneration in circuit implementation, while the reflection-
less operation can eliminate such linearity degeneration in a
nonlinear system.

B. Absorptive IF Amplifier

The absorptive IF amplifier with bandpass response can
absorb the out-of-band signals without reflecting them back to
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the mixer. Thus, the linearity degeneration is mitigated based
on the aforementioned analysis. In general, such reflectionless
operation can be achieved once the mixer and absorptive
amplifier are matched to 50 Q simultaneously.

As shown in Fig. 4(a), the common-source (CS) topology
is introduced in this design, while the inductor L, is used to
achieve impedance matching at passband frequency. Then, the
Z-parameter can be expressed as (9), as shown at the bottom
of the next page, where

A=R;+s(Lq+Ly) (10)
L[ = Lg + Ls (11)
s = jo. (12)

The input impedance (i.e., Zi,cs) can be calculated from
the Z-parameters. The Smith chart of the calculated input
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impedance is shown in Fig. 4(a), which can be split into three
zones.

1) The input impedance at lower frequency is located at
the capacitance zone.

2) The input impedance at passband frequency is in the
matched zone.

3) At higher frequency, the input impedance is in the
inductance zone.

Two signal absorption networks are introduced to the proposed
absorptive amplifier, which can not only absorb the out-of-
band signal but also shift the input impedance from the
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TABLE 1
COMPONENT VALUES OF THE ABSORPTIVE AMPLIFIER AT 8 GHz
Device | My Mrpo Mys My | L1233 Ly Ls
115 pm/ | 11 pm/ | 24 pm/ | 42 pm/
Value H " H H 95 pH | 110 pH | 30 pH
30 nm 30 nm | 30 nm | 30 nm
Device LZL RL CO CDC Lp LS ko
Value | 550 pH 50 Q | 250 fF | 120 fF | 480 pH | 370 pH | 0.65
TABLE II
BIAS CURRENT AND VOLTAGES OF THE ACTIVE DEVICES
Device Mgy | Mao | Mas | Mgs | My
Current (mA) | 5.3 5.1 6.0 4.0 7.8
VOltage VDD Vg Vgsl Vqu ng VBias
Value (mV) 900 520 | 490 | 500 | 840 440
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Fig. 13.  Simulated output spectrum of the proposed RX with different

IF amplifier configurations. (a) Single RF input with frp = 24.05 GHz
and fio = 16.05 GHz. (b) Two RF inputs with frpi = 28 GHz, frr2 =
31.95 GHz, and fio = 20 GHz. (c) Two RF inputs with frp; = 23.3 GHz,
frr2 = 38.55 GHz, and fio = 15.3 GHz.

capacitance zone and inductance zone to the matched zone at
lower and higher frequencies, respectively. Here, an inductor
L1 in series connected with a loaded resistor R, is introduced
as a low-frequency signal absorption network in the input
port of the CS amplifier, as shown in Fig. 4(b). The low-
frequency signal is transmitted and consumed in the loaded
resistor. Then, the input impedance of the CS amplifier with a
low-frequency signal absorption network can be expressed as

Zincs ZLrA
Zincs + Z1Fa

where the input impedance of low-frequency absorption net-
work Zipa is

Zino = 13)

Zira = SLz + R. (14)

The calculated result in Fig. 4(b) shows that the input
impedance at lower frequency is shifted to the matched zone.

To further achieve a wideband reflectionless operation, the
input inductor L, can be replaced by a distributed L C network,
which can shift the inductive impedance to the matched zone at
a higher frequency, as shown in Fig. 4(c). The input impedance
of the absorptive amplifier with m-stages distributed LC
network can be expressed as

Zin(m—l)

Ziom =SLyy + ———
o " SCmZin(m—l) + 1

(m=1,2,3..). (15

As shown in Fig. 5, each stage of distributed LC network
can introduce a transmission pole to the matching network of
absorptive amplifier. Therefore, the reflectionless range can be
extended by increasing the number of distributed LC stages.
Meanwhile, Fig. 4(c) shows that the impedance matching at
higher frequency can be improved by increasing the number
of LC stages. Therefore, based on the aforementioned mech-
anisms, the design procedures of the proposed absorptive IF
amplifier can be summarized as follows.

1) A CS amplifier operated at the IF frequency is designed.
2) The low-frequency signal absorption network is taped to
the input matching network of the IF amplifier, where
the resistance of Ry is equal to the terminal impedance
and the inductance of Ly is chosen to allocate the input
impedance to the matching zone in the lower side of IF
frequency.

The distributed LC network is used to replace the input
matching inductor, which forms the high-frequency sig-
nal absorption network.

3)

The bandwidth with good impedance matching in the higher
frequency is determined by the number of distributed LC
stages, while the capacitance and inductance of each stage are
optimized to achieve improved reflectionless operation based
on (15).

A+ SLyRs*gm + 5°CsLi Ry + s°Cy(Lg Ly + LyL;)

s2L,L,

sAC,

[Z]

Ld (_gm Rd + Sst Cg)

A

SLd(Rd +SLS) (9)

acg

A
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III. IMPLEMENTATION
A. Absorptive IF Amplifier

Based on the principle analyzed in Section II, an absorp-
tive differential amplifier operated at 8 GHz is designed
and implemented, as shown in Fig. 6(a). The absorptive IF
amplifier consists of three parts.

1) Part I is a conventional CS amplifier with output match-
ing network (i.e., output transformer and a capacitor Co)
as the IF signal path.

2) Part II is an inductor Ly loaded with a resistor R; as a
low-frequency signal absorption network. Here, the bias
voltage of the CS amplifier stages (i.e., Vpiys) is fed by
the R;.

3) Part III is a distributed FET array connected with four
inductors as the high-frequency signal absorption net-
work.

To verify the aforementioned structures, a 28-nm CMOS
technology is used. Fig. 6(b) shows the schematic of the
conventional CS amplifier. The input impedance is matched
to 100 Q by an inductor L, = 600 pH, while a source
degeneration inductor Ly = 80 pH is utilized to improve the
stability of the CS amplifier. The simulated input impedance
in Fig. 6(b) shows that the impedance matching is achieved at
passband frequency. Then, the inductor Lz, = 550 pH loaded
with a resistor R, = 50 Q is utilized as a low-frequency
signal absorption network in the proposed absorptive amplifier.
Meanwhile, a high-frequency signal absorption network with
three-stage distributed LC networks is designed. Here, the
capacitors in the LC network are implemented using the low-
O junction capacitor of transistor. Such a low-Q capacitor can
improve the signal absorption capability at a higher frequency
without significantly degenerating the IF passband. Thus,
as shown in Fig. 6(c), good impedance matching is achieved
from dc to 50 GHz.

Table I shows the optimized component values of the
proposed absorptive amplifier. The simulated S-parameters in
Fig. 6(d) reveals that compared to the conventional amplifier,
the out-of-band §;; is much lower, while minor variations on
the S,; are exhibited in the proposed amplifier. Meanwhile,
Fig. 7 reveals that the linearity of the proposed absorptive IF
amplifier shows little degeneration compared to the conven-
tional IF amplifier.

B. Dual-Path Noise-Canceling LNA

Fig. 8 shows the schematic of the proposed dual-path noise-
canceling LNA [27]. The wideband input matching is mainly
achieved by the common-gate (CG) stage with inductor L,
while a dc-block capacitor is used in the input of CS stage.
Meanwhile, the phase-tuning lines [28] are introduced in
the proposed LNA to calibrate the phase variation caused
by process, voltage, and temperature (PVT) issues, which
improves the noise-canceling performance. The output of both
paths is connected to an optimized output transformer with
high common-mode rejection ratio, and such a transformer
can not only reduce the common-mode noise but also provide
the wideband impedance matching between the LNA and the
mixer.
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Fig. 9(a) shows that the noise of paths I and II can be
reduced simultaneously in the proposed noise-canceling LNA.
Note that the fully noise-canceling condition could not be sat-
isfied within a wide frequency range in the proposed dual-path
noise-canceling LNA since the noise-canceling ratio is varied
with the frequency-dependent inductance and capacitance.
Therefore, the component values in the proposed LNA are
optimized to achieve improved NF, which results in a partial
noise-canceling operation in both CG and CS paths [27]. The
noise contribution in Fig. 9(b) reveals that the noise introduced
by the current of M,; and M, is only about 8.4% and 9.9%,
respectively, while the noise is mostly contributed by the
passive loss and parasitic resistor of M,; and M,, (i.e., gate
bias-independent resistance g, source parasitic resistance r;,
and drain parasitic resistance ry).

C. Mixer

Based on the analysis in Section II, the mixer is matched to
the absorptive IF amplifier in a wide frequency range, which
achieves the reflectionless operation between the mixer and
the IF amplifier. Therefore, the double-balance passive mixer
is designed, as shown in Fig. 10(a). Such mixer can reduce
the LO and RF signal leakage, while the mixer is config-
ured in source-pumped mode due to the lower conversion
loss [29]. Meanwhile, an additional on-chip LO balun [30]
is implemented for differential LO generation. The simulated
result in Fig. 10(b) is obtained from the post-layout simulation
with LO balun connected to the mixer, which shows that the
output impedance of the mixer is well matched with the input



2316 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 57, NO. 8, AUGUST 2022

TABLE IIT
PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART RXS

ISSCC ISSCC JSSC ISSCC TMTT
Ref. This Work
2018 [31] 2019 [14] 2019 [6] 2020 [15] 2020 [32]
. Reflectionless ASF" Based | Cartesian-Combined | Harmonic-Mixing
Architecture Heterodyne Heterodyne
Heterodyne Blocker Rejection | Image Rejection | Based Beam-Space
28-nm 28-nm 45-nm 65-nm 65-nm 65-nm
Technology
CMOS CMOS CMOS SOI CMOS CMOS CMOS
Frequency (GHz) 22.6-39.2 26.5-29.5 27-41 27-30 / 35-39 28 26.5-32.5
Conv. Gain (dB) 19.5-22.5 32-34° 36 33/26.5 >16 26.5-29.5
Noise Figure (dB) 3.6-5 4447 43-6.3 57185 6-7.8 5.3-6.3
IP1ap (dBm) >-23 N/A —34 —-30/-23 —36.9 —28
1IP3 (dBm) >-14.2 N/A 25 N/A N/A N/A
256-QAM
Modulation 3.6 Gb/s, 1.58% 64-QAM 64-QAM
N/A N/A N/A
Data-Rate, EVM 1024-QAM 2.4 Gb/s, <5.6% 0.9 Gb/s, 6.2%
1.5 Gb/s, 1.4%
Modulation 64-QAM
256-QAM
Data-Rate, EVM After 3.0 Gb/s, 3.7% 16-QAM
0.8 Gb/s, <3.43% N/A N/A N/A
Blocker/Interference 256-QAM 0.4 Gb/s, 9.7%
S0MHz Overlap
Rejection 0.8 Gb/s, 2.3%
DC Power (mW) 33 42 <85 52.5 112.5°° 33
Core area (mm?) 0.46 1.16% 1.85* 0.32 0.66 0.48

© 4 channels combined. # Single channel transceiver. ¥ Autonomous spatial filter. * Estimated single channel. ®° Single element with
four output steams.
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Fig. 16. (a) Simulated and measured gain and NF of the proposed reflectionless RX. (b) Measured linearity of the proposed reflectionless RX. (c) Measured
linearity of the proposed reflectionless RX at 26 GHz.

impedance of absorptive IF amplifier. Therefore, the output-of- conventional 28-nm CMOS technology. Fig. 12 shows the
band signal reflection can be reduced between the mixer and micrograph of the fabricated reflectionless RX, where the
absorptive IF amplifier. Meanwhile, Fig. 11 shows that the chip occupies a core area of 487 x 935 um?. Table II
conversion gain and input third-order intercept point (IIP3) of  specifies the bias currents and voltages of the active devices.
the proposed mixer are relatively low, which limits the linearity The proposed RX consumes 33 mW from a 0.9-V volt-

of the proposed RX. age supply (e, 19 mW in LNA and 14 mW in IF
amplifier).
. To investigate the influence of signal absorption networks
D. Reflectionless RX

on the in-band high-order mixing products, Fig. 13 shows the
Based on the mechanisms and circuits mentioned above, simulated output spectrum of the proposed RX with or without
a reflectionless RX is implemented and fabricated using a the absorptive networks at following three scenarios:
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Fig. 17. Measured results of the proposed RX under the case of 100-MHz
channel bandwidth, 256-QAM modulation, once the third-order mixing prod-
uct of RF signal is 50-MHz overlap with the IF signal. (a) Single RF input
with frp = 24.05 GHz and fio = 16.05 GHz. (b) Two RF inputs with
frr1 = 28 GHz, frr2 = 31.95 GHz, and fi0 = 20 GHz. (c) Two RF inputs
with frp1 = 23.3 GHz, frr2 = 38.55 GHz, and fio = 15.3 GHz. (Prr and
P o are identical for each setup.)

1) single RF input with frp = 24.05 GHz and fio =
16.05 GHz;

2) two RF inputs with frp1 = 28 GHz, frrx = 31.95 GHz,
and fLo = 20 GHz;

3) two RF inputs with frpy = 23.3 GHz, frm =
38.55 GHz, and fio = 15.3 GHz.

The simulated results reveal that both low- and high-frequency
signal absorption networks can reduce the in-band third-order
mixing products. Meanwhile, by using the proposed signal
absorption networks, the 6.3-, 10.7-, and 7.1-dB improvements
on the suppression of in-band third-order mixing products are
achieved in scenarios 1-3, respectively.

(b)

Fig. 18. Measured output spectrum and constellation diagram of the proposed
RX at frp = 28 GHz. (a) 256-QAM, 450 MHz. (b) 1024-QAM, 150 MHz.
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Fig. 19. Measured output spectrum of the proposed RX at frr = 28 GHz.
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Fig. 20. Measured constellation diagram of the proposed RX at frr = 23,
37, and 39 GHz.

IV. MEASURED RESULTS

To verify the aforementioned structures, the fabricated chip
is measured using the test setup shown in Fig. 14. Two signal
sources and spectrum analyzer are used in the measurement of
the RX gain and linearity performance. The signal source can
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generate the modulation signal using the external baseband
signal, while the required baseband signal is provided by
an AWG. To measure the NF of the proposed LNA, the
spectrum analyzer with noise analyzer function and a noise
source are used. During the measurement, the LO power is
3 dBm. Fig. 15 shows that the measured 1-dB IF band-
width is about 7-9 GHz, while the NF shows little variation
versus IF frequency. Therefore, fir = 8 GHz is assigned
to achieve the improved performance. Fig. 16(a) shows that
the peak conversion gain is 22.48 dB at 26 GHz with the
3-dB bandwidth of 22.6-39.2 GHz. Meanwhile, the measured
minimum NF is 3.6 dB at 31 GHz and the NF is lower than
5 dB in 22.5-39.4 GHz, as shown in Fig. 16(a). Besides,
Fig. 16(b) reveals that the input 1-dB compression point
(IPy4p) is from —23 to —19.7 dBm, while the IIP3 is from
—14.2 to —11.7 dBm over the 3-dB operation bandwidth
of 22.6-39.2 GHz. Here, IP; 4z of —20.9 dBm and IIP3 of
—12.2 dBm are measured at the maximum gain frequency
of 26 GHz, as shown in Fig. 16(c).

To verify the advantage of the proposed reflectionless RX,
the modulation signal measurement is performed at three
scenarios shown in Fig. 13. Fig. 17(a) shows that the —27.6-,
—33.9-, and —34.7-dBc third-order mixing products are mea-
sured in the aforementioned scenarios. Once the third-order
mixing product is 50-MHz overlap with the IF signal, the pro-
posed RX can still support 100-MHz, 256-quadratic amplitude
modulation (QAM) modulation signal, while Fig. 17 shows
that the measured error vector magnitudes (EVMs) are 3.43%,
2.75%, and 2.18% in three scenarios. Here, the overlap band-
width is varied with the frequency of fio and frp, while the
measured EVM is degraded from 1.16% (0-MHz overlap) to
4.06% (90-MHz overlap) in scenario 1, as shown in Fig. 17(a).
The EVM at 100-MHz overlap is improved in scenario 1 since
the third-order mixing products and IF signal carry the same
baseband signal. Meanwhile, as shown in Fig. 17(b) and (c),
the EVM is decreased from 1.55% (0 MHz overlap) to 2.78%
(100 MHz overlap) and from 1.35% (0 MHz overlap) to 2.54%
(100 MHz overlap) in scenarios 2 and 3, respectively. There-
fore, the measurement proves that the proposed reflectionless
RX can support high-speed communication in a complex EM
environment.

Under the case of frr = 28 GHz and fio = 20 GHz,
the RX does not suffer from the interference caused by the
high-order mixing products. The measured output spectrum
and the constellation diagram of the proposed reflectionless
RX are shown in Fig. 18. The RX can support 3.6-Gb/s 256-
QAM and 1.5-Gb/s 1024-QAM modulation signals with the
SNRs of 41.18 and 46.10 dB, respectively.

Fig. 19 shows that the output spectrum of the proposed
reflectionless RX is clean, while most of the intermodula-
tion or high-order mixing products are suppressed. Mean-
while, Fig. 20 reveals that the proposed reflectionless RX
can support high data rate within the operating frequency
range.

The performance summary and comparison with the state
of the arts are shown in Table III. To the authors’ best knowl-
edge, this article presents the first RX using the reflectionless
mechanism to reduce the in-band interference caused by the
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high-order mixing products. Compared to previous mm-wave
RXs, the proposed RX shows the state-of-the-art performances
on the NF, linearity, power consumption, and supporting 1024-
QAM modulation in a compact size.

V. CONCLUSION

In this article, a 22.6-39.2-GHz reflectionless RX is pre-
sented. Such RX can not only suppress the in-band interfer-
ence using the reflectionless operation between the mixer and
absorptive IF amplifier but also reduce the NF by the dual-
path noise-canceling LNA. Then, the proposed reflectionless
RX is fabricated in a conventional 28-nm CMOS technology
and measured for verification. The proposed RX can improve
the in-band high-order mixing products suppression, hence
supporting high-speed communication in a complex EM envi-
ronment. Meanwhile, the measurement shows that the peak
gain is 22.5 dB, while the minimum NF is 3.6 dB. Besides, the
proposed RX can support multi-Gb/s, 256-/1024-QAM modu-
lations. Therefore, the proposed reflectionless RX is attractive
for wideband mm-wave wireless applications (e.g., 5G).
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