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Abstract—This article presents a CMOS-based, code-domain
(CD), full-duplex (FD) transceiver operating in a link at 1 GHz.
The CD FD link rejects in-band transmitter self-interference
(TX SI) by more than 100 dB through a combination of
pseudo-noise (PN) code orthogonality, circulator, and digital
cancellation algorithms. A nonmagnetic CMOS circulator based
on switched transmission lines is used as an antenna interface
with >40-dB maximum rejection. Then, transmitter (TX) and
receiver (RX) modulators spread the TX SI and correlate the
desired RX signal in the RF domain. Orthogonality between
the PN codes allows an additional >40-dB maximum rejection
relaxing the FD transceiver linearity requirements. Finally, digital
self-interference cancellation (SIC) eliminates any residual TX
SI in the digital domain using a least mean squares (LMS)
estimation for the SI channel based on a nonlinear truncated
Volterra series model. The digital SIC can have almost 40 dB of
rejection depending on the SI power level. An implemented FD
node leverages these techniques to achieve an overall rejection
that is around 104 dB bringing the TX signal from 20 dBm to
the noise floor of the RX at —85 dBm.

Index Terms— Cancellation, circulator, CMOS, code-division
multiple access (CDMA), code domain, full duplex (FD), pseudo-
noise (PN) sequence, self-interference, simultaneous transmit and
receive (STAR).

I. INTRODUCTION
ULL-DUPLEX (FD) communication requires the
receiver (RX) to operate simultaneously at the same
frequency channel as the transmitter (TX) [1]-[3]. FD offers
enhanced bandwidth (BW) efficiency (nearly 2x) along with
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other benefits in upper network layer, such as the medium
access control (MAC) layer [1], [4].

One of the main challenges in FD communication is
addressing the huge dynamic range (DR) difference between
the TX and RX signal powers that can reach more than 110 dB.
Prior work has addressed this problem through a vari-
ety of rejection and cancellation techniques, as shown in
Fig. 1. These techniques can be categorized into antenna
domain, RF domain, analog (or baseband domain), and digital
cancellation.

Antenna-based techniques achieve rejection through isola-
tion at the antenna interface. Prior work has exhibited using
two or more antennas with spatial separation, orthogonally
polarized antennas, antenna arrays, or a relay antenna with
wavetraps [4]-[12]. One of the main challenges in these
techniques is the form factor of the FD transceiver. Multiple
antennas occupy a large area overhead given the required
antenna separation making them unsuitable for mobile devices.
Otherwise, magnetic circulators [13]-[17], electrically bal-
anced duplexers (EBDs) [18], [19], or compact CMOS cir-
culators [20] can be used in a single antenna FD transceiver.
An EBD reduces the FD transceiver form factor at the expense
of at least 3-dB TX power loss penalty reducing the TX
efficiency. The 3-dB TX power loss penalty can be overcome
by using a circulator instead of the EBD. Magnetic circulators
occupy large area making nonmagnetic CMOS circulators the
most feasible option for compact FD transceivers [21], [22].

RF rejection operates by injecting a replica TX signal to
the RX and canceling it at the low-noise amplifier (LNA)
[71, [9], [10], [13], [15], [16], [20]. RF cancellers use tunable
delays or phase shifters and tunable gain elements to emulate
the SI channel response between the TX and the RX in a
time-domain [23] or frequency-domain approach [24]. Analog
cancellation operates in the baseband section after frequency
downconversion by the mixer and is effective when the SI
does not generate significant in-band (IB) distortion [25], [26].
Emulating the SI channel between the TX and the RX with
high accuracy is one of the main challenges in high-rejection
RF/analog cancellers. The SI channel is characterized by
having large delay spreads due to multipath and environmental
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Different TX SI rejection techniques in FD transceivers, including antenna interface rejection, RF cancellation, the proposed CD rejection, baseband

<ADC

cancellation, and digital cancellation. A combination of these techniques can be used to achieve the required rejection.

reflections. A high-rejection time-domain canceller requires
long delay lines with small delay resolution to achieve a
good approximation of the SI channel, which is challenging
and ultimately results in noncompact designs that are not
compatible with CMOS integration. Moreover, the SI channel
is dynamic requiring adaptive RF filters for frequency-domain
cancellers increasing their design challenges and power/area
overhead.

Digital self-interference cancellation (SIC) exploits the
computational-scaling available from CMOS and operates by
estimating the SI channel using digital signal processing (DSP)
to cancel the residual transmitter self-interference (TX SI) to
the RX noise floor [7], [11]-[17], [20]. Employing a nonlinear
channel estimation algorithm in the digital domain cancels the
IB distortion along with the fundamental TX SI.

The different FD techniques are summarized in Fig. 1, and a
comprehensive survey of these techniques can be found in [3].
This article presents a code-domain (CD) FD transceiver that
employs the orthogonality between pseudo-noise (PN) codes
to reject the TX signal at the RF domain. The proposed FD
transceiver uses a nonmagnetic CMOS circulator for a compact
form factor and digital SIC to increase the overall TX rejection
along with the RF CD rejection. RF CD rejection overcomes
some of the challenges of previous SIC techniques as PN codes
are resilient to the SI channel multipath propagation effects
due to the PN code orthogonality for any lag and they can
be implemented with a pair of TX and RX modulators using
high-linearity CMOS RF switches allowing small-form-factor
FD transceivers with minimal power overhead. It is also worth
mentioning that spreading the RF spectrum with PN codes is
advantageous with respect to the required circulator linear-
ity allowing higher TX power levels compared to the prior
art.

CMOS circulators and CD rejection techniques were previ-
ously proposed in [27] and [28], respectively, which focused
on the stand-alone implementation of each subsystem. This
article expands on these papers and on an earlier conference
paper at the 2020 International Microwave Symposium (IMS
2020) [29] to present a detailed discussion about the proposed
CD FD transceiver. This article highlights the challenges in
implementing a full system and how system-level integration

and the accompanied nonidealities affect the rejection of each
subsystem when they coexist. Measurements were used to
quantify the effects of system-level integration, and solu-
tions were proposed to overcome some of these challenges.
Section II discusses the proposed FD transceiver implementa-
tion with details about the nonmagnetic circulator, TX and RX
modulators, and digital cancellation algorithm performance.
Section III addresses the challenges in achieving the RF CD
operation and proposes solutions to overcome these chal-
lenges. Section IV outlines some of the unique advantages of
RF CD signal processing, such as linearity improvement, and
blocker/multipath tolerance in practical wireless environments.
Section V presents the measurement results of the proposed
CD FD transceiver.

II. PROPOSED CD FD TRANSCEIVER

The proposed CD FD transceiver is shown in Fig. 2 and
is built upon a software-defined radio (SDR) that allows
reconfiguration of the radio parameters, such as the carrier
frequency, data rate, modulation characteristics, and TX power.
A National Instruments universal software radio peripheral (NI
USRP 2930) [30] is used as an SDR and controlled through
Labview and MATLAB. Using an SDR allows a fair evaluation
of the proposed system given the limited resources of a real
transceiver [such as analog-to-digital converter (ADC) sam-
pling rate and resolution, and RX noise figure (NF)] compared
to using high-end, off-the-shelf measurement equipment, such
as oscilloscopes and spectrum analyzers. The USRP provides
access to the TX and RX RF data along with the BB IQ data
streams that are used for digital SIC.

The USRP is preceded by the proposed high-rejection RF
interface consisting of the TX and RX code modulators and
the CMOS circulator. More details about the modulators and
circulators are presented in Sections II-B and II-C. Finally, a
commercial-off-the-shelf (COTS) antenna is used to evaluate
the effect of antenna voltage standing wave ratio (VSWR) on
the achieved rejection. A dual-band, omnidirectional antenna
(VERT900 antenna) covering 824-960- and 1710-1990-MHz
frequency range is used [31] as a demonstrative
example.
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Fig. 2. Proposed CD FD transceiver employing a nonmagnetic CMOS
circulator, TX/RX code modulators at RF, and digital SIC.

A. FD Transceiver Requirements

Implementing an FD transceiver with high SI rejection
requires careful consideration of the specifications of the
various subblocks of the transceiver. Also, targeting a TX
power of >20 dBm increases the linearity, compression, and
rejection requirements of the RF interface. An FD link analysis
is presented for the proposed CD FD transceiver relating
the specifications of various blocks and how they impact the
performance of the proposed transceiver.

The antenna interface greatly impacts the performance of
subsequent RX blocks. Circulators are the optimum choice
for FD systems allowing compact FD systems with a single
antenna while avoiding the fundamental 3-dB loss of the
EBD. Magnetic circulators offer ~15 dB of isolation [32]
requiring the RX modulator to handle >5-dBm TX-SI to target
>20-dBm TX power level, which is challenging. This leaves
nonmagnetic CMOS circulators with >40 dB of isolation
and watt-level power handling as the only currently viable
option for the proposed CD FD transceiver [33], [34]. CMOS
circulators greatly relax the RX modulators’ power-handling
requirement to —20 dBm. However, this comes with an extra
challenge for the circulator linearity requirements.

The circulator should be highly linear such that any third-
order intermodulation (IM3) tones are below the minimum
detectable signal (MDS) of the RX. The MDS of the RX is
given by

MDS = —174 + 10 x log,;,(BW) + NF (1)

where NF is the noise figure of the RX. The NF of the
implemented RX includes the noise from the USRP, circulator,
and PN modulators. The USRP has an average NF of 6 dB
[30], the circulator has 2.5 dB NF [34], the modulator NF is
5 dB consistent with its IL [35], and extra 2.5 dB are added to
the NF to account for extra losses from used cables, baluns,
and connectors. This results in an overall NF of 16 dB for the
RX and an MDS of —88 dBm for a sampling BW of 10 MHz.!

The sampling BW is the used chip rate to avoid aliasing. The NF can be
reduced by ~ 5dB for a fully integrated RX by reducing the modulators and
connectors’ losses.

The required circulator I1IP3 is given by [20], [36]

3 x Prx — Rejcirc - Rejdig -

2

Prx M3
P3¢ =

)

where Prx 3 is the IM3 power level at the RX due to
circulator nonlinearity and should be reduced to the MDS
signal level. This results in a circulator TX—RX IIP3 require-
ment of 34 dBm to handle a 20-dBm TX signal, assuming
that 40 dB of rejection is achieved from each of the circulator
and nonlinear digital cancellation.> A similar analysis shows
that the modulator linearity requirement is not a limitation,
given that the RX modulator handles a TX SI of —20 dBm
due to the available 40 dB of rejection from the circulator.

The above analysis also indicates that 108 dB of rejection
is required for the FD transceiver to bring the 20-dBm TX
signal to the noise floor of the RX at —88 dBm. This rejection
is budgeted among the three used domains such that ~40 dB
of rejection is achieved from the circulator, another ~40 dB
from CD rejection, and the remaining rejection from digital
SIC. The actual performance of the FD transceiver slightly
deviates from the theoretically calculated values due to various
system imperfections, as discussed in Section V.

B. TX and RX Modulators

The TX signal is spread by a PN code (PNtx), whereas the
RX signal is correlated by an orthogonal PN code (PNgx).
Both codes are clocked at a chip rate that is M times the
symbol rate, where M is the length of the PN code. The TX
signal spreads across a BW BWeqq that is M times the signal
BW, BW;,. Spreading RF signals at high chip rates requires
high-speed modulators.

Minicircuits ZMQ-1050 modulators were used to spread and
correlate the TX and RX signals [35]. COTS modulators allow
easier experimentation of the FD node and comparison of code
parameters. CMOS CD FD implementations for the RX corre-
lators were presented in [37] and [38] allowing <3-dB IL and
>10-dBm compression point and post-power amplifier (PA)
TX modulators were presented in [39] and [40] with <1.5-dB
IL and >30-dBm power-handling capability. Consequently,
there is no limitation in implementing a compact CMOS CD
FD RF front end, including the TX and RX modulators along
with the CMOS circulator.

The modulators operate between 0.8 and 1.05 GHz with an
IL of 4.9 dB and a 1-dB compression point of 4 dBm. The
modulators support frequencies (chip rates) up to 100 MChip/s
and Fig. 3 plots how the IL changes with modulation frequency
indicating <1-dB degradation in IL at very high modula-
tion frequencies. The 4-dBm compression point allows the
RX to support TX SI power levels up to 30 dBm, given
that the circulator provides >30-dB rejection. However, the
4-dBm compression point limits the TX power levels. Thus,
the TX modulator is followed by a wideband (WB) PA
(ZHL-10W-2G+) to allow 30-dBm TX power levels [41].

2 Assume that code rejection only affects the TX signal and does not reject
the IM3 tones generated by the circulator. It will be shown later that spreading
improves the circulator IIP3 by PN code processing gain (PG).
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Fig. 3. Measured IL of the TX/RX modulators as a function of chip rate.

C. Nonmagnetic CMOS Circulator

The circuit implementation of the magnetic-less CMOS
circulator is shown in Fig. 4(a) and is based on switched
transmission lines. The circulator includes a built-in antenna
balancing scheme with tunable feed capacitors at orthogonal
feed points to cancel the TX-RX leakage generated due to
ANT mismatches and other nonidealities. In addition, a novel
clock boosting technique using level-shifted capacitors was
used to increase the peak-to-peak voltage of the modulation
signal to 3 x Vyg without compromising the long-term reli-
ability of the transistors. The level-shifted capacitors allow
the clock path to operate at its regular supply voltage Vyq
yet providing a 3x modulation signal swing. The circulator
consumes 4 x lower power consumption than the circulator in
[33] yet provides 2.5 x higher power handling at the TX port.

The 1-GHz, 180-nm SOI CMOS circulator exhibits
2.1-/2.6-dB  TX-ANT/ANT-RX IL with a 1-dB BW
of 172 MHz. When terminated with a 50-Q termination, the
measured TX-to-RX isolation is >40 dB. The feed capacitors
can be tuned to achieve >40-dB isolation across the entire
2.33:1 antenna VSWR and beyond. The circulator achieves
TX-ANT and ANT-RX IIP3s of 450 and +36.3 dBm,
respectively. The TX-ANT IIP3 is larger than the ANT-RX
IIP3 due to the placement of the gyrator next to the RX
port, consequently eliminating the TX swing on gyrator
switches [27]. The measured TX-ANT P;4g is +34 dBm,
due to the linearity enhancement techniques such as clock
boosting and programmable capacitors with device stacking.
This large-signal performance represents a significant
improvement compared with the prior CMOS circulators
[27], [33]. More details about the circulator operation and
performance can be found in [34]. The measured TX-RX
rejection of the circulator is shown in Fig. 4(b) when a
50-Q termination and a COTS antenna are connected at the
antenna port. The implications of the antenna VSWR on the
overall rejection and code orthogonality in terms of group
delay (GD) are discussed in Section V.

D. Digital SIC

Digital SIC was applied to the captured baseband IQ data
from the USRP in MATLAB. Digital SIC was implemented
with a reduced-order nonlinear Volterra series model for the SI
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Fig. 4. Multiwatt 1-GHz CMOS circulator employing the concept of switched
transmission lines. (a) Circuit schematics. (b) Measured TX-RX rejection with
50 Q and antenna termination.

channel with least mean squares (LMS) estimation to cancel
residual IB SI to the noise floor of the USRP [13]. The model
of the digital SIC is

,
SIinl = > o x TX[n —il+ > B x TX ]  (3)

i=—5 k=3,5,7

where a and f are the coefficients of the linear and nonlinear
taps solved by the LMS algorithm.

Fig. 5(a) shows the effect of applying digital SIC at different
SI power levels for a 0.625-MSymbol/s QPSK signal sampled
at 12.5 MSample/s. Digital SIC increases almost linearly with
SI power for SI power levels between —75 and —50 dBm
indicating the ability to reduce the SI to the noise level of
the USRP. However, the digital SIC deviated from the linear
behavior at high SI power levels by compression (SI greater
than the ADC DR) and at extremely low SI power levels as
the noise floor is approached. This suggests that the ST power
should be reduced by the circulator and code rejection to the
linear region of the digital SIC for optimal overall SI rejection.

Fig. 5(b) shows the achieved digital SIC at various symbol
rates at a fixed ADC sampling rate of 12.5 MSample/s. Digital
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Fig. 5. Digital SIC. (a) Digital SIC versus SI power level. (b) Digital SIC
versus symbol rate at a fixed ADC sampling rate.

SIC is reduced as the symbol rate increases due to the reduced
number of samples per symbol, which degrades the quality of
the SI channel estimation. Fig. 5(b) shows that eight samples
per each TX symbol are required to have a rejection >35 dB.
It is worth mentioning that this is a hardware limitation and
higher symbol rates could be achieved using other high-end
reconfigurable transceivers such as [11] and [42], which could
possibly allow data rates up to 15 MSymbol/s. However, this
requires a spreading BW in excess of 100 MHz, which could
be achieved in a two-antenna transceiver configuration to avoid
circulator BW limitations.

III. CHALLENGES OF CD FD

Performing the CD signal processing in the RF domain
entails addressing challenges for radio operation in a prac-
tical wireless environment. This section explores some of
the challenges encountered in designing CD FD transceivers
and proposes solutions to overcome these challenges. Mean-
while, numerous advantages are also gained by the RF CD
processing that enhances the radio operation. These advan-
tages are subsequently covered in Section IV and verified by
measurements.

A. Synchronization

CD operation demands the synchronization between at least
two transceivers for proper operation. Doing the code correla-
tion in the RF domain adds to the synchronization complexity
compared to previous code-division multiple access (CDMA)
systems that relied on DSP for code correlation. In CDMA
systems, the spread BW is captured by the ADC, which
allows utilizing digital resources for code synchronization and
correlation. However, by doing the code correlation at the RF

Ref. | Link Instruments

Pattern Generator
O| 1| 31|

oY

Fig. 6. Synchronization setup using GPSDO.

LeoBodnar
GPS DO

&

NI USRP
RX

front end, the RX BB processor will not be able to receive
the desired signal unless exact code alignment is guaranteed
at the RF correlators.

There are multiple challenges in CD FD transceivers syn-
chronization. First, any two frequency references suffer from
an inevitable frequency drift due to temperature, process, and
supply variations. This drift complicates the synchronization
process and demands using frequency sources with high-
frequency stability. Advances in RFIC technologies make GPS
available in most cellular devices with low-power and area
overheads. These GPS-synchronized RXs can be utilized to
provide a stable frequency source [43]. While GPS synchro-
nization is suitable for outdoor environments such as base
stations where a reliable GPS signal can be received, it might
be unreliable for indoor situations. In that case, high stability
frequency references, such as temperature-compensated crystal
oscillators (TCXOs) with subpart per million (ppm) accuracy,
can be used [44]. For example, a 1-ppm 10-MHz crystal would
take 20 ms to have a 20% synchronization mismatch, which
is extremely long compared to a symbol period of 1.6 S at
0.625 MSymbol/s.

The second challenge is code alignment. Any timing skew
results in signal-to-noise ratio (SNR) reduction. However, the
skew can be overcome by delaying the PN code with fixed
digital delay steps and measuring the RX power for each step.
Then, the correct delay is selected that maximizes the RX
power. The code delay alignment can be updated regularly
using digital logic gates with negligible power consumption.

Finally, synchronization is more challenging for moving
objects compared to stationary radios due to the accompanied
Doppler shift. Multiple techniques were previously proposed
in CDMA systems to overcome this issue [45], [46]. Synchro-
nization would also require changes in the FD physical layer
frame requiring a synchronization preamble before data trans-
mission and this preamble should be much shorter compared
to the data frame to maintain FD BW efficiency.

In the demonstration, synchronization was achieved using a
GPS disciplined oscillator (LeoBodnar) to provide a 10-MHz
reference to the PN pattern generator (LinkInstruments). The
pattern generator has 32 channel outputs that were sufficient
for synchronizing 32 length PN codes. The synchronization
test setup is shown in Fig. 6 where one USRP was transmitting
QPSK signal spread by 32-length random PN code and the
RX node was synchronized by observing the RX power.
The measured synchronization profile is shown in Fig. 7
with a delay step of one chip period indicating a unique
autocorrelation peak. Simulations indicate that the RX power
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cases. (¢) Simulated synchronization profile near the peak.

is not affected by slight synchronization mismatch and the RX
IL increases by only 1.1 dB for +20% synchronization offset,
as shown in Fig. 7(c).

B. Out-of-Band Spectral Emissions

Another challenge in CD signal processing at RF is the
spectral emission associated with the PN code spreading.
RF transceivers should comply with a specific spectral mask
as determined by the communication standard. Otherwise, out-
of-band (OOB) emissions could harm other RXs operating
in nearby bands. One obvious approach to reduce the OOB
spectral leakage uses a SAW filter after the TX. However,
measurements with a commercial SAW filter [47] indicate
insufficient adjacent channel leakage suppression, as shown
in Fig. 8(a).

Another approach to reduce the OOB spectral leakage is
by applying the pulse-encoded transition (PET) technique
described in [48]. The nearby OOB leakage can be greatly
reduced through proper choice of the pulsewidth of the used
PN code, as shown in Fig. 8(c). Table I compares the effect
of using a SAW filter and PET on the TX IL and the
achieved adjacent channel leakage ratio (ACLR). The used
PET technique reduces ACLR by >40 dB for an extra 1.2 dB
of IL, which is less than the SAW IL of 2.9 dB, thus presenting
less degradation to the TX efficiency compared to SAW
filters.
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Fig. 8.  Measured ACLR improvement with PET. (a) TX spectrum with
limited ACLR rejection using a SAW filter. (b) TX spectrum with enhanced
ACLR rejection with PET and SAW filter. (c) Added transitions on PN code
for ACLR improvement.

TABLE I
EFFECT OF PET oN IL AND ACLR
TX IL (dB) | ACLR (dB)
No SAW 0 124
SAW 2.9 329
SAW + PET 4.1 40.1

C. Minimum Detectable Signal and PN Spurs

Modulating the RF front end with PN codes generates PN
spurs in the RX spectrum. PN spurs are generated due to
leakages and mismatches in the RF switches. PN spurs may
pose a challenge in CD FD if not well taken care of when
detecting signals near the sensitivity level of the RX.

Fig. 9(a) shows the measured error vector magnitude (EVM)
for varying RX power level without PN codes and with
different 16-length Walsh codes using the QPSK modulation.
PN spurs degrade the RX EVM as the RX power approaches
the noise floor of the RX. However, at a reasonable RX SNR,
around 15 dB, the EVM differences become negligible.? Also,
it was noticed that PN codes with spurs at higher frequency
offset such as W2, which has the nearest spur at fcy;p/2 from

3PN spurs require an extra 3—4 dB in SNR for a targeted bit error rate (BER)
of 107 as QPSK requires an SNR of ~11 dB.
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Fig. 9. Effect of PN spurs. (a) RX EVM versus RX power for different PN
codes. (b) Measured RX spectrum with high and low W6 spurs.

the RX center frequency (frr), have a better performance
compared to other Walsh codes where the spurs lie closer to
JRE.

To confirm that the EVM degradation is due to PN spurs,
two measurements were performed using the same Walsh code
but at a different spur level. The spur level was controlled by
varying the PN code signal swing, and the RX spectrum is
shown for both cases in Fig. 9(b). It is evident from Fig. 9(a)
that reducing the PN spur level greatly enhances the RX EVM.
Also, a longer PN code reduces the spur level and the PN spur
offset frequency is deterministic depending on the used PN
code and the performance can still be enhanced using digital
spur cancellation techniques as in [49].

IV. ADVANTAGES OF CODE-DOMAIN PROCESSING FOR
FULL-DUPLEX COMMUNICATION

A. Linearity Improvement

FD links are designed to tolerate high TX power levels
while receiving small desired RX signals. This places strict
requirements on the rejection and linearity requirements of
the TX-RX chain to handle the DR difference between the TX
and RX signals. Nonlinear distortion generated in the TX-RX
chain should be reduced to the RX sensitivity level for proper
signal reception and becomes extremely important when using
CMOS circulators, as analyzed in Section II-A.

In contrast to the nonlinearity of the PA that can be canceled
through conventional RF cancellation techniques, the cancel-
lation of distortion generated by the circulator is nontrivial as
they are generated after the RF canceller tap. Based on (2),
a circulator TX-RX IIP3 of 34 dBm is required to handle a
20-dBm TX signal.

Code-domain signal processing proves useful in relaxing
the circulator IIP3 requirements in FD links. The IIP3 with

—~ 40 o

€ e

m L7

S o /ﬁ

5 . : 4 PN-32

2 .40 i, 12.5 dB

o IM3 <>

2 s e

= LR PN-161-1

i 80 .55‘|M:‘3 no PN

8-120/ F NP2 Y |
20 -10 0 10 20 30

Input Power (dBm)

Fig. 10. IIP3 improvement for the RX modulator with PN codes.

PN code is enhanced by the PG of the used PN code, PG =
10log,o(M), and is expressed as [28]

TIP3py = TIP3 + 10 x log, (M) )

where M is the code length. The circulator IIP3 is increased
by 12 dB for 16-length PN code allowing >20-dBm TX power
levels for the same RX sensitivity. Fig. 10 shows the effect
of different PN codes on the RX modulator IIP3. The IIP3
increases from 16.25 dBm without PN codes to 28.75 dBm
for 16-length PN code and further increases to 31.75 dBm for
32-length PN code confirming the theoretical prediction.

B. Blocker Tolerance

RF RXs operate in congested wireless channels demanding
the RX to tolerate many blockers in addition to the TX SI.
Radio regulation agencies, such as the Federal Communica-
tions Commission (FCC), regulate the spectrum by allocating
different bands to different applications. Therefore, RF filters
are used at the RF front end to remove blockers. These filters
are usually implemented off-chip for better rejection raising
the area and cost overhead. Moreover, RF radios could operate
in hostile environments where jammers intend to obscure the
RF communication link. RF CD signal processing relaxes the
required filtering and blocker tolerance requirements due to
the PG of the used PN code that spreads the unwanted blockers
across the spread BW.

Fig. 11(a) shows the measured RX EVM versus the power
of a continuous-wave (CW) IB blocker at 0.25-MHz offset.
The desired RX signal is a QPSK signal at —60 dBm, while
the IB blocker power is increased. Measurements indicate that
without PN codes, the RX is desensitized even at a blocker
power 10 dB less than the desired signal. Using 16-length
PN codes enhances the blocker tolerance by 12.5 dB, whereas
using 64-length codes enhances it by 17.5 dB for the same
EVM level. These results are consistent with the PG of the
used code.

The same experiment was repeated with an IB WB blocker
(a QPSK signal with 10 MSymbol/s at the same center fre-
quency). PN codes also proved to be tolerant of WB blockers,
as shown in Fig. 11(b).

C. Multipath Tolerance

Another challenge in wireless environments is multipath
propagation. As the TX signal propagates through different
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Fig. 11. Blocker tolerance of RF CD signal processing. (a) RX EVM versus
IB CW blocker power without PN codes and with PN codes of different
lengths. (b) RX EVM versus IB WB blocker power without PN codes and
with PN codes of different lengths.

paths to the RX, the SNR can be harmed by fading and
intersymbol interference (ISI) if the path delays are in the
same order of magnitude as the symbol period.

Fig. 12 shows a typical wireless channel model based on
the Stanford University Interim (SUI-4) channel model [50].
The wireless channel can be described as

1
he(t) =D heid(t —te) )
i=1

where h¢; and fc; are the gain and delay of the additive
wireless channel paths, respectively. Consequently, the signal
arriving at the RX antenna is

1
RXin (1) = TX(1) x he(t) = D hei x TX(t —tci)  (6)

i=1

indicating that the RX signal is deformed by the different
multipath components.

RF CD signal processing proves to be resilient to multipath
propagation. The PN-coded TX signal TX(f) = m(t) x PN(¢)
reaches the RX after propagating through the multipath chan-
nel as

1

RXin(t) = th,i X m(l — tC,i) X PN(I — tC,i)~ (7)
i=1

Upon arriving at the antenna, the RX signal is multiplied by a
PN code corresponding to a specific tap delay (with the largest
path gain). This allows rejecting other multipath components
due to orthogonality between different delayed versions of the

oo RX
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> RX 2
PN
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Fig. 12.  Multipath channel based on the SUI-4 model.
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Fig. 13. Measured EVM and eye diagram for different PN code lengths in
an SUI-4 multipath channel showing the advantage of PN codes in restoring
RX eye diagram and EVM.

same PN code

%/PN(r) x PN(t — 7)dt = 1/M ¥z #0 8)
T
RXou(t) = PN(t — t¢;) x RXin(r)
~ heimp(t —tc.i). )

The RX modulator output is then passed down the RX chain
to the LNA without being affected by multipath effects.

The proposed RX was tested in a multipath environment to
show the effects of the used PN code on multipath resilience.
A QPSK signal with 0.625 MSymbol/s was modulated by a PN
code of varying length and filtered by the multipath channel
(see Fig. 12) in MATLAB and generated by an arbitrary
waveform generator (M8195a) to the proposed RX. The RX
EVM and eye diagram were measured using Labview Software
for 16/32/64/128 length PN code and without PN codes,
as shown in Fig. 13. Measurements indicate that PN codes
help in restoring the eye opening enabling correct reception
despite multipath effects. Also, increasing the used PN code
length results in a better RX EVM.

Another important advantage of using PN codes is that
the RX can be configured to receive different multipath
components by using different RX fingers each synchronized
to a different tap known as “Rake RX” [51]. A simple
rake RX implementation is shown in Fig. 12, and a low-
power CMOS implementation was proposed in [52]. Fig. 14
shows the three-finger EVM and eye diagram for 128-length
code, and Fig. 15 shows the measured spectrum for the three
fingers. The measured RX power levels were —73.5, —78.4,
and —81.5 dBm for the three fingers in agreement with the
multipath channel model relative gains.
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TABLE 11
MEASUREMENTS SUMMARY IN A MULTIPATH ENVIRONMENT
PN-16 | PN-32 | PN-64 | PN-128
Finger EVM 13.5% 7.5% 5.9%

2% Finger EVM
Finger EVM
NR=Not Recognized

18t finger

1 H

A0 1
EVM = 26.8%

101
EVM = 9.2%

3.2

1.6
(us)
Fig. 14. Measured EVM and eye diagram for the three fingers of a rake RX

with 128-length PN code in an SUI-4 multipath channel indicating correct
reception of multipath components improving RX SNR.

t

Table II summarizes the results of the proposed RX with
the multipath channel model and shows the advantages of
increasing the PN code length on the RX signal SNR.

V. CD FD TRANSCEIVER LINK MEASUREMENTS

The CD FD transceiver system was measured by generating
a QPSK signal from the USRP TX port. The TX signal symbol
rate was programmed between 0.625 and 3.125 MSymbol/s
limited by the used hardware. Then, the TX signal was
modulated by a 16-length Walsh PN code with a chip rate
between 10 and 50 MChip/s depending on the used symbol
rate. The Walsh code was generated by the Link Instruments
pattern generator shown in Fig. 6. The modulated TX signal
was amplified by a WB PA (ZHL-10W-2G+) for an integrated
power between 10 and 30 dBm. The PA output signal passes
through the CMOS circulator to the RX modulator with an
orthogonal PN code, and the output of the RX modulator is
connected to the USRP RX port for further signal processing.

An illustrative measured spectrum at various nodes of the
transceiver is shown in Fig. 16 demonstrating the modulation
of a 0.625-MSymbol/s 26-dBm TX signal by a Walsh code
at 10 MChip/s and how the circulator rejection and RX code
correlation increases the rejection of the TX signal.

For a complete characterization of the proposed CD FD
transceiver, the rejection was measured at varying symbol
rates, chip rates, and TX power levels. Also, different combi-
nations of Walsh codes were experimented at different antenna
terminations to investigate the interaction between spreading
and circulator rejection BW on the achieved rejection.

A. Performance With 50-Q Termination

The rejection of the FD transceiver at the circulator RX
port and after the RX modulator is shown in Fig. 17 when
a broadband 50-Q termination is used at the antenna port.
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Fig. 15. Measured spectrum in an SUI-4 channel with 128-length PN code.
(a) First finger versus second finger. (b) First finger versus third finger.

The circulator rejection across the spread BW reaches 46.9 dB
at 20-dBm TX power and 10-MChip/s chip rate and the
rejection decreases at higher chip rates and TX power levels,
as shown in the left of Fig. 17.

The combined circulator and code rejection across the signal
BW depends on the choice of PN codes [28]. For example,
Walsh codes W1 and W2 offer better rejection relative to
Walsh codes W5 and W6 due to the robustness of the
orthogonality to BW limitations. Measurements demonstrate
that a maximum rejection of 90.5 dB is possible with W1
and W2 Walsh code pairs (see Fig. 17 middle). When using
W5 and W6 code pairs, the rejection reduces to 79 dB (see
Fig. 17 right). It was also observed that the TX power peak
rejection depends on the code spreading properties suggesting
that the rejection can be optimized by retuning the circulator
at different TX power levels for different PN codes.

B. Performance With Antenna Termination

The same experiment was repeated with the circulator
connected to a COTS VERT900 antenna. The measured circu-
lator TX-RX isolation with the antenna after tuning the feed
capacitors is shown in Fig. 4(b) compared to that with a 50-Q
termination. The rejection BW of the circulator is reduced due
to the antenna, and the achieved circulator rejection depends
on the effective signal BW over which the TX signal is spread.
Fig. 18 shows that the combined circulator and code rejection
drops to 56 dB for W5 and W6 and to 70.9 dB for W1 and W2
code pairs representing represents around 20-dB degradation
compared with 50-Q termination.

This degradation can be attributed to the GD variation
between the TX and RX ports of the circulator when connected
to the antenna. Fig. 19 shows the measured GD between
the TX and RX ports with 50 Q and antenna termination.
The TX-RX peak GD increases from 13 to 84 ns when
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Fig. 16. Measured spectrum at various nodes of the transceiver. Left: TX modulated spectrum at 26 dBm. Middle: circulator RX output with 40-dB rejection.
Right: RX modulator output showing combined circulator and code rejection of 79 dB.

Circulator Rejection

50

Circulator + Code Rejection
(W1 and W2 code pair)

Circulator + Code Rejection
(W5 and W6 code pair)

= 40 = 40 = 40
8 & g
s g s
9] S 3]
< 30 < 30 = 30
2 ] 2
© ©
o © o
o 2 o
= S S
O 20 © 20 O 20
@6
)
10 Ae 10 86 . 65 /99 10 N '\. ?\
10 30 10 15 2 30 10 15 2 30

15 20 25
Integrated TX Power (dBm)
Fig. 17.

20
Integrated TX Power (dB

5 20 5
m) Integrated TX Power (dBm)

Measured rejection of the FD system in a 50-Q environment at different power levels and chip rates. Left: circulator rejection. Middle: circulator

and code rejection using optimum 16-length Walsh code pairs (W1 and W2). Right: circulator and code rejection using other Walsh code pairs (W5 and W6).

50

N
o

Chip Rate (MChip/sec)

15 20
Integrated TX Power (dBm)

Fig. 18.
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Measured circulator and code rejection with an antenna (W5 and

adding the VERT900 antenna. This GD variation across the
spread BW degrades the Walsh codes orthogonality as the GD
approaches the used chip period (100 ns at 10 MChip/s). The
GD between the TX-ANT and ANT-RX ports was negligible
compared to that between the TX-RX ports presenting no
limitation on signal transmission or reception. The rejection
can be improved using a broadband antenna with less VSWR
variations across the spread BW, given that high circulator
rejection is maintained until 2.33 VSWR through the feed-
capacitors’ tuning network.

C. Overall Rejection With Digital SIC

Finally, digital SIC was applied to the IQ BB data from the
USRP, as detailed in Section II-C. Fig. 20(a) shows the results
of applying digital SIC for the best case rejection where digital
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Fig. 19. Measured GD between different circulator ports with 50 © and
antenna termination.

SIC was adding 13.6-dB rejection to the 90.5 dB achieved in
the RF domain for a total of 104.1 dB. The overall rejection
brings the 20-dBm TX power to the noise floor of the USRP
around —85 dBm.*

Using the VERT900 antenna, digital SIC adds 26 dB to the
70.9 dB of RF rejection for a total of 96.9 dB at 15 dBm
and 27 dB to the 68.2 dB of RF rejection for a total of
95.2 dB at 23.5 dBm, as shown in Fig. 20(b). Digital SIC
was more effective with antenna termination due to higher
SI level confirming Fig. 5(a) and was limited by the noise
floor in both cases of 50 Q and antenna termination. An NF
degradation of 2-3 dB was observed in the USRP noise
floor after connecting the antenna due to the measurement

4The noise floor is degraded by ~3 dB from the theoretically calculated
value of —88 dBm due to TX induced NF from the circulator switches as the
reported 2.5-dB NF of the circulator was measured without a TX signal and
applying a TX signal increases the circulator NF.
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TABLE III
PERFORMANCE SUMMARY AND COMPARISON
Antenna Freq. Antenna RF Digital Total TX Power BW FOM
Interface (GHz) Rej. (dB) | Rej. (dB) | Rej. (dB) Rej. (dB) (dBm) (MHz) | (dBm.MHz)
Asilomar’10 [6] 2 Ant. 2.4 45 31 4 80 15 0.625 93
MobiCom’11 [7] 2 Ant. 2.45 45 28 73 127 10 95
CoRR’11 [8] 2 Ant. 2.4 57 24 NA 81 6 10 97
Sigcomm’13 [13] Magn. Circ. 2.45 72/62 38/48 110 25720 20/80 148/149
GLOBECOM’15 [14] Magn. Circ. 2.46 79/56 31.9/45.9 110.9/101.9 16.5/13.3 1.4/20 128.9/128.2
IMS’15 [9] Ant. Array 2.45 81.8T 14.2 NA 96 22.7 30 133.5
VTC’15 [19] EBD 0.89/1.89 44/45 41/38 NA 85/83 10 20 108/106
Comm. Mag.’16 [15] Magn. Circ. 245 19.9/22.2 | 48.3/40.9 | 25.3/24.7 93.5/87.8 6.4/8 20/80 112.9/114.8
Wireless Comm.’ 16 [10] Isol. Ant. 2.45 56/56.4 21.9/13.3 NA 77.9/69.7 30 20/120 120.9/120.5
GLOBECOM’17 [17] Magn. Circ.2 0.9 21 36 34 91 20 20 124
INFOCOM’17 [16] Magn. Circ. 0.9 50 45 95 5 5 107
Ant. & Prop. | Anechoic Relay Ant 256 75.5 16.9/7 22.9/24.6 115.3/107.2 29/28.5 20/80 157.3/154.7
17 [11] Indoors : ’ 64.1/63.5 NA 43/39.9 107.1/103.4 24.2/23.7 40/80 147.3/146.1
Wireless Comm.’ 18 [12] Pol. Ant. 3.5 41.9 NA 30.6 72.5 0 123 93.4
ICC’19 [20] CMOS Circ. 1 55 40 95 15 3.5° 1154
. 50 Ohm . 45.5 45* 13.6 104.1 20 125.1
This Work || ) jionng | CMOS cire. ! 3505374 | 35808 | 2607 | 969952 | 15235 | 125 | 112071197

Twith spatial beamforming, *with passive antenna emulation, estimated from plot, RF code domain rejection, signal BW spread at 10Mchip/sec
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Fig. 20. Measured overall rejection with digital SIC. (a) 104.1 dB of rejection
at 20-dBm TX power with 50-Q termination. (b) 95.2 dB of rejection at
23.5-dBm TX power with antenna termination.

environment and this slightly reduced the achieved rejection
compared to the peak digital rejection in Fig. 5(a). The total
rejection and symbol rate can be improved by combining other
RF/analog cancellation techniques with a better broadband
antenna along with a lower noise RX with higher ADC
sampling rates increasing the FD transceiver overall rejection.

D. Performance Summary and FD Figure of Merit

Table III summarizes the performance of the proposed
CD FD transceiver and how it compares with state-of-the-art
literature. Fig. 21 compares the achieved figure of merit (FOM)
of the proposed transceiver with that of other FD transceivers
in the literature. Table III and Fig. 21 focused on comparing
the proposed work with full system FD implementations that
span multiple SI rejection techniques for a fair comparison.
The FOM is similar to that defined in [3] and is given by

FOM = REJ x Prx x BW (10)
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Fig. 21. FOM comparison for different architectures in Table III.

where REJ is the total system TX SI rejection in linear units,
BW is the bandwidth in MHz, and Prx is the TX output
power in milliwatts. While there are other important factors
to consider in FD systems (such as power consumption and
NF), these were not included in the FOM as most FD systems
spanning multiple rejection domains relied on SDRs, field-
programmable gate arrays (FPGAs), or standard measurement
equipment as their implementation platform and these factors
were rarely mentioned in the respective papers. The FOM only
considers three metrics of the FD transceiver (REJ, Prx, and
BW) as they are the most important factors for FD systems
and were reported in all FD systems papers.

Rejection is clearly an important factor and the TX power
level that can be handled is an extremely challenging problem
given the linearity requirements of the RX. Also, the BW
over which the rejection is achieved is an important factor
to consider as achieving high rejection over a wide BW is a
challenging problem for FD systems given the large variations
in the frequency response of the SI channel.

The proposed CD FD transceiver achieves an FOM of
125.1 and 119.7 dBm-MHz with 50 Q and COTS antenna
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termination. The FOM was calculated using the signal BW of
1.25 MHz for a fair comparison with other work that does not
apply signal spreading. However, the FOM would increase to
137.1 dBm-MHz if the spread BW was used and it can be
justified by noting that the overall system BW efficiency is
not affected by spreading as we can have multiple transceivers
operating in the same spread BW such that each transceiver
uses an orthogonal PN code, given that the system uses
PN codes with good cross-correlation properties to maintain
rejection and system capacity along with network coordination
to assign and synchronize codes for the simultaneous users.

The Appendix briefly discusses various PN code families
for CD systems indicating the availability of various codes
with good cross correlation. It is also evident that increasing
the used code length is advantageous for the proposed FD
system (improved PG, multipath tolerance, and so on), but
this requires a tradeoff between the used symbol rate and
spread BW. Increasing the code length for a fixed symbol rate
requires higher spread BW dictating higher circulator BW
and ADC sampling rate, whereas increasing the code length
for a fixed spread BW would severely limit the used symbol
rate. Other tradeoffs for longer codes also exist, such as
synchronization and increased system latency. However, this
can be alleviated by using better synchronization algorithms.
CD FD systems with 32 length codes at 64-MChip/s chip rate
and 2-MSymbol/s symbol rate seem feasible, and continued
research in FD systems would certainly result in better
systems.’

VI. CONCLUSION

This article presents a CD FD transceiver with around 100-
dB TX SI rejection at >20-dBm TX power levels. The CD
transceiver operates by spreading/despreading the TX/RX sig-
nals in the RF domain to achieve rejection due to the orthogo-
nality of different TX/RX PN codes. The FD transceiver also
uses a multiwatt, high-rejection CMOS circulator and digital
SIC to improve the achieved rejection. Measurements indicate
a CD FD technique that is tolerant to TX SI as well as IB
CW and modulated blockers. Moreover, orthogonality between
the delayed PN codes proves useful in practical wireless
environments providing tolerance to multipath propagation
effects and reflections.

APPENDIX
CODE SELECTION FOR CODE-DOMAIN SYSTEMS

Multiple PN code families were used in CDMA and WB
CDMA (WCDMA) systems that can be employed in the
proposed CD FD transceiver to extend its operation to mul-
tiple user systems while maintaining system capacity and
rejection. This section presents a brief overview of differ-
ent code families and an extensive discussion can be found
in [53] and [54].

Walsh codes of length M are constructed with

_ 1 1 . _ Wak-1 Wak-1
Wz—[l _1}, Wzk_[wzk_] _Wzk_]} (11)

SCDMA started with 14.4 Kb/s in 1S-95 and eventually reached 10 Mb/s in
WCDMA [53].

where k = log,(M). Walsh codes were used in the proposed
system for their good rejection properties and ease of genera-
tion with the used pattern generator, but they suffer from bad
synchronization due to repetitive nature and limited number
of available codes.

M-sequences are odd-length sequences with code length
M = 2" — 1, where n is an integer. The autocorrelation is
either 1 or —1/M, which guides synchronization. The cross
correlation, however, takes large values, which degrades rejec-
tion. Nevertheless, Gold codes can be generated by XORing a
subset of preferred m-sequences to bound the cross correlation
improving code rejection.

A practical system uses a combination of different codes for
multiuser operation to guarantee rejection and system capac-
ity. For example, long codes based on scrambling different
sequences were used in WCDMA systems to further extend
the code space as described in [53].
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