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Abstract—1In this article, a sideband switchable RF/analog
processing single sideband (SSB) mixer is proposed to syn-
chronize the phase in open-loop distributed array system. The
proposed SSB mixer is composed of single balanced mixer,
Wilkinson power divider, switches, transmission line delays,
RF Hilbert transformer, and T-junction combiner. The design
theory is developed for phase synchronization in distributed
array based on the sequential switched sideband signal, and
detail design approach is developed for the proposed RF/analog
processing switchable SSB mixer. By switching the transmission
line delays, different sidebands are controlled in the proposed
SSB mixer. To verify the design concept, a prototype SSB mixer
is designed and validated in simulation and experiment, and the
results align well with design theory. Different from other SSB
mixer, this is first time a RF/analog processing switchable band
SSB mixer is proposed to show great potential for exploring novel
wireless communication technique.

Index Terms— Open-loop distributed array, phase synchro-
nization, RF Hilbert transformer, RF signal processing, single
sideband (SSB) mixer.

I. INTRODUCTION

MPROVING wireless connectivity performance as

signal-to-noise ratio, throughput, capacity, spectrum
efficiency, data rate, coverage, and system power consumption
is critical in emerging wireless network, including 5G/NextG,
radar, remote sensing, Internet of Things, and vehicle to
vehicle. Beamforming is a key technique to focus the
radio signal energy in the desired direction, so that it
can enhance the signal quality and improve the spectrum
efficiency as well reduce the system power consumption.
Conventional beamforming is realized on a single platform
using phased array antennas [1], [2], [3], [4], [5], [6], where
the half-wavelength spaced antenna elements are excited by
a locally generated signal with progressive phase difference

Received 15 September 2024; revised 21 October 2024; accepted 24 October
2024. Date of publication 7 November 2024; date of current version
7 January 2025. This work was supported in part by the National Science
Foundation (NSF) under Award ECCS-2124531, Award CCF-2124525, and
Award ECCS-2340268. This article is an expanded version from the IEEE
MTT-S International Microwave Symposium (IMS), Washington, DC, USA,
16-21 June 2024. (Corresponding author: Bayaner Arigong.)

The authors are with the Department of Electrical and Computer Engineer-
ing, College of Engineering, Florida A&M University-Florida State University,
Tallahassee, FL 32310 USA (e-mail: barigong @eng.famu.fsu.edu).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMTT.2024.3487917.

Digital Object Identifier 10.1109/TMTT.2024.3487917

and desired magnitude response. A distributed transmitter
array system [7], [8], [9] is another approach for adding
up the energy from physically separated wireless nodes and
focusing in a desired direction at long distance. To form
this virtual beamforming array, the electrical state of each
wireless node is required to be synchronized, especially for
frequency and phase of the local oscillator (LO) in each
node. Based on the synchronization methodology, two types
of distrusted array systems are extensively investigated. First,
a closed-loop distributed array is proposed in [10], [11], [12],
[13], and [14], where the wireless nodes adjust their electrical
state based on the feedback signal from the central base
station. Second, an open-loop distributed array is presented
in [13], [15], [16], [17], and [18], where the frequency and
phase of each node are synchronized by broadcasting a
two-tone waveform in neighboring nodes without relying on
external feedback signals. In this open-loop distributed array,
a self-mixing circuit is applied to demodulate the two-tone
waveform for synchronization of secondary nodes. In the RF
chain, the mixing circuit or frequency conversion circuit is a
key component, and it converts the input signal to two signals
and some spurious frequency components. Currently, with the
limited spectrum allocation and congested bands, improving
spectrum efficiency is becoming a serious issue, especially
with the increasing demand for high-speed data streaming
and the proliferation of mobile devices. Therefore, to remove
the redundant signals generated by the mixer, a spectrum
efficient single sideband (SSB) mixer has been developed.
The typical topology of SSB mixers [19], [20], [21], [22],
[23] includes either two mixers and two 90° hybrid couplers
to create in-phase and quadrature signal paths and cancel
out one sideband signal or incorporate a filter with sharp
cutoff edge to suppress one sideband directly. These SSB
mixers feature a complex circuit topology and cancel only
one sideband, with no sideband configuration capabilities.
Recently, manipulating the electromagnetic waveform
directly in its analog domain attracts great interest to perform
various mathematical operations, such as integration [24],
differentiation [25], time inversion [26], Fourier transforma-
tion [27], edge detection [28], and Hilbert transformation [29],
[30], [31]. Inspired by the concept of RF signal process-
ing, in our work presented at the International Microwave
Symposium (IMS) 2024, a novel RF/analog processing SSB

0018-9480 © 2024 IEEE. 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: Florida State University. Downloaded on March 14,2025 at 14:06:30 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0009-0006-6611-2859
https://orcid.org/0000-0002-1693-6570
https://orcid.org/0000-0002-0693-9137
https://orcid.org/0000-0001-7738-7088

278 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 73, NO. 1, JANUARY 2025

mixer topology is proposed by leveraging an RF Hilbert
transformer [32]. To further expand the design concept, in this
extend paper, a switchable sideband SSB mixer topology
is proposed to synchronize the phase of wireless nodes in
open-loop distributed array. As shown in Fig. 1, the primary
node broadcasts higher sideband (HSB) signal and lower side-
band (LSB) signal sequentially via the proposed switchable
SSB mixer, and the secondary nodes adjust their electrical
status from the received modulated SSB signal, which not
only streamlines the transmission process but also significantly
reduces spectral overlap and interference, thereby maximizing
the efficiency of spectrum utilization. The novelty and contri-
butions of this extended work are summarized as follows.

1) This is the first time an RF/analog signal processing
SSB mixer with a switchable sideband is proposed
to not only overcome the issues in conventional SSB
mixers, where well-matched I/Q mixers and bulky
low-frequency intermediated frequency (IF) couplers are
required to suppress LO feedthrough and spurious fre-
quencies but also break the limitation of fixed sideband
in conventional SSB mixer.

2) By employing this novel SSB mixer, sequentially
switched SSB signals are generated to synchronize the
phases of the primary node and secondary nodes in
large wireless network, thereby realizing an open-loop
distributed array system. This article is organized as:
Section II provides the design theory of phase syn-
chronization in open-loop distributed array system using
sequential switchable SSB signals and the proposed
RF/analog processing band switchable SSB mixer; then,
Section IIT discusses the experimental validation of the
proposed switchable band RF/analog processing SSB
mixer circuit. Finally, Section IV concludes the design
theory and experimental results.

II. DESIGN THEORY OF SWITCHABLE BAND RF/ANALOG
SIGNAL PROCESSING SSB MIXER AND PHASE
SYNCHRONIZATION IN OPEN-LOOP DISTRIBUTE ARRAY

A. Theory of Phase Synchronization in Distributed Array
Applying Sequential Switched SSB Signals

First, a new open-loop distributed array phase synchroniza-
tion approach is proposed from sequentially switched sideband
signals, which addresses the needs of a switchable SSB mixer.
As shown in Fig. 1, the primary node in the distributed
array generates primary RF signals with carrier frequencies
sequentially alternating between the LSB and HSB, which are
received simultaneously by both the target and the secondary
nodes. Upon receiving the order of HSB and LSB signals,
the secondary nodes can extract the phase difference between
two sideband signals, where the difference originates from
the LO in each node and the varying transmission distances
between the primary and secondary nodes. The phase dif-
ference between the primary node LO and secondary nodes
is denoted as ¢., and the distance between the primary and
secondary nodes is noted as dis. The phase difference caused
by the distance at the frequencies of the lower side band ( fLsp)
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Fig. 1. Phase synchronization in open-loop distributed array applying the
proposed switchable sideband SSB mixer.

and higher side band ( fysg) is represented as ¢ sg and ¢ysg,
which can be derived as

dis

¢LsB = 27TfLSB7 )]
&
¢use = 27 fus %S 2

where c is the speed of light.

After down conversion, in time domain, the IF signals
received in the secondary node are noted as IF sg and IFysg,
and they can be expressed using ¢., ¢rsp, ¢Puss, and ¢rsg as

IF sp(t) = 0.5 - cos[27 (fLo — fisB)t + (¢ — PrsB)]  (3)
IFysp(f) = 0.5 - cos[2m (fusp — fLo)t + (Puse — ¢)].  (4)

After sampling and Fourier transformation, the value of
(¢ — ¢dLsp) and (Pusp — @) in (3) and (4) can be determined,
and it can further be applied to solve equations
dis
(bc — PLsB) = Pc — 27TfLSB7

dis o)
(¢uss — ¢c) = 27[fHSB7 — ¢

In (5), there are two unknown variables dis and ¢., which
can be determined by bringing the results from (3) and (4).
Knowing dis and ¢., the secondary nodes compensate the
phase offset and synchronize with primary node. However,
all the nodes have free running LOs with no reference clock,
and the secondary nodes keep sampling without aligning with
the time point at which primary node sends out sequential
sideband signals, which causes significant phase error in sec-
ondary nodes phase compensation process. Therefore, a time
offset 7y is applied to indicate the time difference between
the time point primary node sending out the sequential SSB
signals and the sampling time point at the secondary nodes.
With this #y, (3) and (4) are rewritten as

IFLsg(t) = 0.5 - cos[2m (fLo — fLsB)( + to) + (P — PLsB)]
(6)

IFusp (1) = 0.5 - cos[2m (fasB — fLo)(t + to) + (¢dusB — Pc)].
(7
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Fig. 2. Comparation between synchronized signal and unsynchronized signal
power on the target with a sweep of distance between primary and secondary
node.

After sampling and Fourier transformation, the phases in (6)
and (7) are noted as ¢psg and gysp, and they are derived as

¢LsB = 27 fisplo + ¢ — PLsB ®)
@usB = 27 fuselo + $usB — Pe- &)

Due to the randomness of #j, the secondary nodes are not able
to determine the phase offset from (8) and (9). To overcome
this problem, on—off keying (OOK) modulation is applied to
the sequentially switched SSB signal sent from the primary
node. Here, the period length of the OOK signal Tpox is a
common multiple periods of LSB signal T;sg and HSB signal
Tuss, which follows Toox = nTisg = mTyss, {m, n € N|m,
n > 0}. As shown in Fig. 2, t) = NToox at secondary nodes,
where the time offset fy reflects into OOK modulation width
Took- Here, N is an integer greater than 0. Therefore, it can
be simplified as #p = NTook = NnTiLsg = NmTyss. Applying
this relation, (8) and (9) can be derived as

(10)
(1)

¢LsB = 2Nnm + (¢ — Prsp)
YusB = 2Nmm + (Prsg — @c)-

Thus, ¢ sg and ¢gsp are independent of ¢y, and dis and ¢,
can be solved following (5), so that the secondary nodes
synchronize the phases with the primary node. The comparison
of the combined signal received by the target with and without
synchronization in the distributed array is illustrated in Fig. 2.
Without synchronization, from (1) and (2), the combined
power varies periodically across distance, which is normalized
to the wavelength of the transmitted signals. Conversely,
with the proposed phase synchronization methodology, the
combined power reaches its maximum and is constant across
the distance.
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Fig. 3. Proposed RF Hilbert transformer SSB mixer topology.

B. Design of Switchable RF/Analog Processing SSB Mixer

From the above analysis of the proposed phase synchroniza-
tion procedure in an open-loop distributed array, the critical
step is generating a switchable sideband signal for phase
synchronization with high spectrum efficiency. Unlike conven-
tional SSB mixers, in this extended paper, a novel switchable
sideband SSB mixer is derived from an RF Hilbert transformer
and switchable delay lines, and the circuit topology is shown
in Fig. 3. A single balanced mixer converts IF to RF by
mixing with LO, and then, the output signal is divided into
two paths through a Wilkinson power divider. One branch
signal is processed by an RF Hilbert transformer, which rotates
signal phase by 180° directly at RF center frequency without
changing its magnitude, so that the LSB signal and HSB
signal are directly processed to 180° offset from each other.
The other branch wave passes along a switchable transmission
line delay, which can be controlled to reject either the LSB
signal or the HSB signal. After combining the two branch
signals via a zero-degree power combiner, one sideband signal
will be canceled out due to 180° phase offset between two
sideband signals from the RF Hilbert transformation and the
delay line. For example, to reject the HSB signal, the delay
line is switched to a small electrical length transmission line,
and LO + IF upper sideband undergoes a 180° phase rotation
via RF Hilbert transformer, so that the combined signal only
contains the LSB signal.

The key building block in the proposed switchable SSB
mixer is the RF Hilbert transformer, which is composed of
a 180° rat-race coupler and a feedback delay line. The ideal
transfer function of the Hilbert transformer is

y(1) = HT[x(1)]
+o00
= lp.v./ *(®) dt
14 _

o t—T

(12)

where the Cauchy principal value is denoted as p.v. Its Fourier
transformation can be expressed as

Y (w) = HT(0) - X (). (13)

The phase response of the ideal transfer function HT(w)
shows a sharp 180° rotation at the center frequency, while the
magnitude remains constant in the frequency band, as shown
in Fig. 4, which is foundational to enable sideband can-
cellation in the proposed switchable SSB mixer. To realize
the Hilbert transformation transfer function directly at high
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Fig. 4. Transfer function of ideal Hilbert transformation. (a) Magnitude
response. (b) Phase response.
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Fig. 5. (a) Transmission line RF Hilbert transformer circuit. (b) Signal
flowchart analysis of RF Hilbert transformer.

frequencies, a transmission line topology is proposed and
shown in Fig. 5(a), where Z; = «/EZO, Zp = Zy, 01 = 6,
and 6, = 36,. Here, Zy = 50 © and 6y = 90°. The feedback
transmission line between ports ® and @ follows the rule that
Op + 61 = 360° forming a resonator. To analyze the proposed
circuit, the signal flowchart method shown in Fig. 5(b) is
applied to determine its transfer function, which is derived
as

831 Sdelay_tine S42

HT(f) = S + (14)

1 — S834S8delay_line

where S, is the transmission from input port @ to output
port @. S3; and Sj are the couplings from @ to @ and
@ to @, respectively. S34 is the transmission from @ to @.
Sdelay_tine 15 the feedback delay line connecting port © and @
to maintain the resonance. The magnitude and phase responses
of the RF Hilbert transformer for both theoretical (solid line)
and EM simulation (dashed line) are shown in Fig. 6, where
a 180° phase rotation is clearly observed at the center LO
frequency without significant magnitude changes. Here, the
small magnitude deviation at center frequency is caused from
dielectric loss of microstrip line-based resonator in RF Hilbert
transformer. Also, the bandwidth limitation of coupler in RF
Hilbert transformer causes magnitude roll off at two edge
frequencies.

With the RF Hilbert transformer design, the single balanced
mixer in the proposed switchable sideband SSB mixer shown
in Fig. 3 is designed using two Schottky diodes connected in
an antipolar configuration and one rat-race coupler. The LO
signal is applied to the delta port of the rat-race coupler, and
the IF signal is fed to the anti-polar diode pair via a low-pass
filter. Due to the nonlinearity of diode, the two signal LO and
IF are mixed and upconverted to a double sideband (DSB)
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Fig. 6. Magnitude and phase responses of proposed RF Hilbert transformer.
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Fig. 8. Experimental setup for validating the proposed RF/analog processing
switchable SSB mixer.

output, which is derived as [33]

vpsB(?) = vLo11r(?) + vLo-1r(?) (15)
Vi
vLo-1r(f) = %‘F cos[(wLo — wip)?] (16)
VRE
vLo+IR(f) = BN cos[(wLo + wip)!]. )

The output from the single balanced mixer, including
LO + IF and LO-IF frequency components, is equally divided
into two paths via a Wilkinson power divider. One path is
transferred by RF Hilbert transformer, and the other branch is
path through the switchable transmission line delay providing
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Fig. 9.  Performance of ISO and CL of applied single balanced mixer
with (a) LO frequency sweep, (b) IF frequency sweep, and (c) input power
(Pin) sweep, where the same P, is applied to both the LO and IF. In these
plots, the center LO frequency for measurement and simulation is set to be
2.34 and 2.5 GHz separately. Default P;, and IF frequency is set to be 0 dBm
and 100 MHz.

phase offset with signal transformed by RF Hilbert trans-
former. The signal passing through switchable transmission
line delay can be derived as

1
Usignall (1) = EVDSB [cos(wLot1F! + Odelay)]

1
+ —=Vpsplcos(@Lo-1F? + OBdelay)] (18)

V2

where 6412y notes the electrical length of switchable transmis-
sion line. The signal passing through RF Hilbert transformer
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Fig. 10.  Simulated and measured performance of both HSB and LSB of

the proposed switchable SSB mixer with a sweep of LO frequency versus
(a) image rejection ratio, (b) conversion loss, and (c) ISO. IF for both
measurement and simulation is 100 MHz. P;, is 0 dBm.

can be derived as

1
Usignal2 (1) = EVDSB [cos(wLo41F! + OuT)]

1
+ EVDSB[COS(G)LO—IFf)] (19)

where Oyr notes the phase rotation from the RF Hilbert
transformer in (14). The delayed signal in (18) and RF Hilbert
transformed signals in (19) are combined through T-combiner,
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and the output is derived as

vssB ()

= Usignal1 (f) + Usignat2 ()

1
= — Vpsglcos(wLo41rt + Out) + cOS(WLo+1FE + Odelay) ]

/2

+ LVDSB[COS(CULOAFI ) + cos(wLo-1rt + Odetay)]. (20)
7

From (18), the SSB output vssg () is composed of both HSB
and LSB signals from the two branches. Applying (15)—(17)
into (20) and setting Oyr = w for HSB signal, the sideband
selection will be determined by electrical length of the delay
line Bgelay. For HSB cancellation, fgeray is set to be 0°, and
Ogelay is 180° for LSB cancellation.

III. IMPLEMENTATION OF THE PROPOSED SWITCHABLE
RF/ANALOG PROCESSING SSB MIXER

To prove the design concept, the proposed switchable SSB
mixer is designed and fabricated using RO4350B PCB with
a substrate thickness of 0.76 mm, &, = 3.48, and tand§ =
0.0037. The prototype is shown in Fig. 7, and the size is
1224 x 69.6 mm (1.024 x 0.584, where A denotes the
wavelength). In this design, the LO frequency is 2.46 GHz,
and the IF frequency is 100 MHz. The prototype switch-
able sideband SSB mixer comprises a single-balanced mixer,
Wilkinson power divider, RF Hilbert transformer, RF switches
(PE42424), transmission line delay lines, and 0° combiner.
Here, the electrical length of transmission line delay lines
in switchable delay line is either O or . Also, a T-junction
combiner is designed for realizing a 0° power combiner to
combine signals passing through switchable delay lines and
RF Hilbert transformer without isolation (ISO). The circuit
simulation, layout design, and EM simulation are carried
out using Keysight ADS, and the experimental setup for the
proposed SSB mixer is shown in Fig. 8, where IF and LO
sources are generated from two signal generators (MXG).
To determine the center frequency of the prototype, LO fre-
quency is swept using a Keysight EXG N5172B to find
the minimum conversion loss (CL) with low IRR, and IF
frequency is fixed from Agilent N5181A. The two RF switches
are controlled by a Keysight E36313A dc power supply to
determine difference sideband cancellation. The performance
of the proposed switchable sideband SSB mixer in LSB or
HSB cancellation is characterized separately by configuring
two different sets of dc voltage for RF switches. The spectrum
of the output signal from switchable SSB mixer is measured
using a Keysight FieldFox microwave vector network analyzer.

A two-step experiment is carried out to fully characterize the
performance of the proposed switchable sideband SSB mixer.
First, the single-balanced mixer shown in Fig. 7 is measured,
and the simulations and measurement results are correlated
and shown in Fig. 9. Specifically, the ISOs between LO input
and RF output and the CLs from IF input to RF output with
fio sweep from 2.15 to 2.6 GHz are shown in Fig. 9(a).
By applying identical input power (0 dBm) for both LO and IF,
the ISO is better than 30 dB within a 100-MHz bandwidth for
both simulation and measurement, while the CLs are smaller
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Fig. 11. Simulated and measured performance of both HSB and LSB of the

proposed switchable SSB mixer with IF frequency sweep versus (a) image
rejection ratio, (b) conversion loss, and (c) ISO. LO center frequency is 2.5 and
2.34 GHz at simulation and measurement, respectively. Pj, is O dBm.

than 10 dB across the LO sweep. On the other hand, ISO
and CL are measured by sweeping fir from 60 to 130 MHz,
as shown in Fig. 9(b). The ISOs are larger than 31 dB and CLs
are smaller than 10.5 dB in both simulation and measurement
results. In addition, the input power level for both IF and LO
signals is swept (—10 to 10 dBm) to characterize the linearity
of the single-balanced mixer. As shown in Fig. 9(c), with
fio = 2.5 GHz and fir = 100 MHz, the ISOs are greater
than 31 dB. For the P, sweep, CL is varying in a range
of 9-13 dB, and the minimum CL value is both simulated
and measured at P, = —2 dBm. The linearity of the mixer
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Fig. 12. Simulation and measurement of HSB and LSB for the proposed
SSB mixer with input power (Pj,) sweep, where the same P;, is applied to
both the LO and IF versus (a) image rejection ratio, (b) conversion loss, and
(c) ISO. IF is 100 MHz, and LO center frequency is 2.5and 2.34 GHz at
simulation and measurement, respectively.

is quantified from the CL variation since CL = Py, — Poy,
and it is plotted with the P, sweep, as shown in Fig. 9(c).
The simulated and measured 1-dB compression point of the
proposed single balanced mixer is at P, = 3 dBm.

In the second experiment, the proposed RF/analog pro-
cessing switchable SSB mixer is measured and correlated
with simulation, and the results are shown in Fig. 10, where
Jfir = 100 MHz, fio = 2.15-2.6 GHz, and P, = 0 dBm for
both IF and LO signal. The simulated and measured image
rejection ratios are shown in Fig. 10(a), where the simulated
IRR is greater than 21 dB at fio = 2.46 GHz for both

LSB and HSB cancellation modes. The measured IRR is
about 30 dB for LSB mode and 20 dB for HSB mode at
fio = 2.34 GHz. The simulations and measurements of
CLs are shown in Fig. 10(b). It can be observed that the
simulated CLs for two modes are better than 13 dB at
fro = 2.46 GHz, while the measured CLs are smaller than
125 dB at fio = 2.34 GHz. Compared to a single bal-
anced mixer, the proposed switchable sideband mixer exhibits
a 2.5-dB offset in the CL, which arises from mismatches
between single balanced mixer and sideband selection circuit,
including power divider, RF switches, RF Hilbert transformer,
and power combiner, particularly in power sweep measure-
ments. Fig. 10(c) shows the simulation and measurement
results of ISO, which are better than 28 dB in simulation and
greater than 31 dB in the experiment at the corresponding fi.0,
respectively.

The slight frequency offset between simulation and mea-
surement is mainly caused from manufacturing tolerance and
accuracy of nonlinear device model. Similarly, the proposed
switchable SSB mixer is also characterized by sweeping IF
frequency from 60 to 130 MHz, and the results are shown
in Fig. 11. From the simulation and measurement results,
it is found that the mixer shows optimum performance at
an IF frequency of 100 MHz in both simulations and mea-
surements. Specifically, the IRR is greater than 20 dB for
both LSB and HSB cancellation modes shown in Fig. 11(a).
In Fig. 11(b) and (c), the CLs and ISOs range between
12.5 and 29 dB, respectively. The linearity of the proposed
switchable SSB mixer is also characterized by sweeping of
Py, from —10 to 10 dBm, where the same P, is applied
to both the LO and IF signal. In Fig. 12(a), the simulated
IRRs for both LSB and HSB cancellation modes are around
22.5 dB, while the measured IRRs are better than 27 dB in
LSB mode and better than 17 dB in HSB cancellation mode.
Fig. 12(b) shows the CL responses of the proposed switchable
sideband SSB mixer across input power sweep, and its 1-dB
compression points are at P, = 3 dBm for both simulation and
measurement. The ISO simulation and measurement results
of the proposed switchable sideband SSB mixer are shown in
Fig. 12(c), where the simulation is better than 30 dB while
measurement is greater than 25 dB.

From the analysis of simulation and measurement results,
it finds a frequency offset and a small performance discrep-
ancy, which is caused by several factors. One reason arises
from the sensitivity of RF Hilbert transformer, where a slight
electrical length error can change the frequency response,
thereby degrading the overall performance of sideband cancel-
lation. Another reason is from the modeling of active elements
as diode and RF switch. In current design, the available
S-parameters are applied for modeling of RF switch, which
leads to significant variance in power sweep simulations and
measurements of the proposed switchable sideband SSB mixer.

In summary, the proposed switchable sideband RF/analog
processing SSB mixer has demonstrated to achieve robust
performance in all aspects for spectrum-efficient distributed
array phase synchronization. To differentiate from other SSB
mixer topologies, including active and photonic-based mixers,
the comparison is shown in Table I. Passive SSB mixers [19],
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TABLE I
COMPARISON OF SSB MIXER PERFORMANCE

Ref. | fo(GHz) SSBCL (dB) ISO (dB) IRR (dB) Switchable IP1dB(dBm) Active/Passive  Paiss(mW) Technology Size(mm?)

[19] 16 10 / 30 No / Passive 0 MMIC 216

[22] 2.44 11 / 15-18 No / Passive 0 65nm CMOS 0.44

[34] 5.65 15 31 30 No 3 Passive 0 PCB 1155

[35] 2.5 14 N.A. >20 No -8 Passive 0 PCB 1800

[36] 75-90 11 >30 >20 No 7 Passive 0 MMIC 3

[37] | 3.09-3.51 / / >40 No / Active 49.12-52.62  0.18um CMOS /

[38] | 3.43-10.3 / / 19-40 No / Active / 0.13pm CMOS ~0.03

[40] 11 6 / >40 No / Passive / Photonic Based /

T. W. 2.34 11.5 30 21.5 Yes 3 Passive 0 PCB 8519

[24], [25], [26] show a close conversion loss around 10 dB, [4] B.-H. Ku et al., “A 77-81-GHz 16-element phased-array receiver with
while having different IRR varying from 19 to over 40 dB £50° beam scanning for advanced automotive radars,” IEEE Trans.
d di th hitect d fabricati On th th Microw. Theory Techn., vol. 62, no. 11, pp. 2823-2832, Nov. 2014.

cpen mg on .e arc' 1ectures and abrication. _n € 0 cr [5] Y. Yin, B. Ustundag, K. Kibaroglu, M. Sayginer, and G. M. Rebeiz,
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show smaller size. In [29], a classical SSB topology achieves cations and carrier z;ggregation,” IEEE Trans. Microw. Theory Techn.,
an IRR of 15-18 dB but with limited LO ISO due to its vol. 69, no. 1, pp. 235-247, Jan. 2021. . .

K | A . [6] P. K. Bailleul, “A new era in elemental digital beamforming for
architecture. The photonic-based SSB mixer in [30] enables a spaceborne communications phased arrays,” Proc. IEEE, vol. 104, no. 3,
high IRR over 40 dB but has bulky size, which is challenging pp. 623-632, Mar. 2016.
for compact integration. Compared to other works, our pro- ~ [71 T. Choi, P. Luo, ‘A. Ramesh, and A. F. Molisch, “Co-located vs
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in developi 1 wirel t coherent transmission made seamless,” in Proc. IEEE Conf. Comput.
1 developing novel WIreless systems. Commun. (INFOCOM), Apr. 2015, pp. 1742-1750.
[9] R. Mudumbai, D. R. B. lii, U. Madhow, and H. V. Poor, ‘“Distributed
transmit beamforming: Challenges and recent progress,” IEEE Commun.
IV. CONCLUSION Mag., vol. 47, no. 2, pp. 102110, Feb. 2009.
A novel RF/analog processing Switchable SSB mixer is [10] M. Seo, M. Rodwell, and U. Madhow, “A feedback-based distributed
roposed in this article to synchronize the phase in an phased array technique and its application to 60-GHz wireless sen-
prop (th y . phe : sor network,” in IEEE MTT-S Int. Microw. Symp. Dig., Jun. 2008,
open-loop distributed array. The design theory is derived pp. 683-686.
for phase synchronization and the switchable SSB mixer, [11] P. Bidigare et al, “Implementation and demonstration of
: : : receiver-coordinated distributed transmit beamforming across an
and the_ prototype of the prop osed SSB leCI"IS deSIgned ad-hoc radio network,” in Proc. Conf. Rec. 46th Asilomar Conf.
and validated in experiments to prove the design concept. Signals, Syst. Comput. (ASILOMAR), Nov. 2012, pp. 222-226.
A slight frequency offset is observed between simulation and  [12] S. Shi, S. Zhu, X. Gu, and R. Hu, “Extendable carrier synchronization
measurement. which is mainly due to the model of nonlinear for distributed beamforming in wireless sensor networks,” in Proc. Int.

. ’f . . 1 h f f th Wireless Commun. Mobile Comput. Conf. (IWCMC), Paphos, Cyprus,
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