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Phase Noise in Full-Duplex Radios using off-the-shelf (stoirs
Chunging Zhang, Leo Laughlin, Mark A. Beach, Kevin A. Morrand John L. Haine.

Abstract—This paper analyses the effect of phase noise (PN)

Mixer
on digital non-linear self-interference (SI) cancellation for low . x[n] | DAC ® |PA
delay spread non-linear S| channels typical of small form fator et + 6(0) | Antenna
in-band full-duplex (IBFD) radios in indoor environments. Use o ® e
of a shared local oscillator (LO) between the transmit and st
receive radios is assumed, and it is shown that, in theory, . delay =Ty | | Duplexer
un-cancelled S| due to PN can be reduced by optimising the ol
relative delay between Rx LO path and Sl channel. Simulatios yin) | erfectolt-o) |
and measurements from hardware IBFD transceivers using R |ADC ® LNAl

realistic LO phase noise characteristics demonstrate thatfor Mixer

these devices/environments, in practice LO phase noise doaot
limit digital cancellation when using shared local oscilléors. Fig. 1. Block diagram of a one antenna Homodyne IBFD transceiharing

Index Terms—In-band full-duplex, shared local oscillator, the same LO for Tx and Rx.
phase noise, non-linearity.

smaller devices and indoor scenarios. In [5] and [6] S| ckeann
l. INTRODUCTION delay was considered, but these works did not combine this
N band full-duplex (IBFD) which allows simultaneousanalysis with multipath or non-linear SI channels. In [2]sit
transmit (Tx) and receive (Rx) on the same frequency, haBown that PN can be a limiting factor in IBFD transceivers
the potential to increase spectral efficiency, reduce 3teaand employing linear active RF cancellation, however this work
solve the hidden node problem [1]. However, transmittind ardid not analyse the dependence on the LO characteristics or
receiving simultaneously gives rise to the problem of seléletermine the achievable performance for systems witlc&ypi
interference (Sl), whereby the Tx signal causes catasitopphase noise and non-linearity.
interference at the receiver, preventing the Rx signal fomn  The novel contribution of this paper is twofold: Firstly,
ing decoded. IBFD operation therefore requires high tralasmsection Il and Ill respectively present theoretical maddgll
to-receive (Tx-Rx) isolation in the full-duplex transceivto and simulations of non-linear Sl in the presence of phasgenoi
mitigate the Sl, allowing the receiver to achieve an acd#pta and delay mismatch, showing that the combination of PN and
signal-to-interference-and-noise-ratio (SINR). power amplifier (PA) non-linearity results in SI components
Various Sl cancellation techniques have been presentedaihich cannot be perfectly cancelled, and quantifying ttiecgf
the literature, for example antenna separation and/catisol, of delay mismatch between the LO and Sl paths on non-linear
radio frequency (RF) cancellation, and digital baseband caigital SI cancellation. Secondly, section IV presents sneed
cellation [1]. RF imperfections have been identified as th#igital cancellation results from hardware IBFD transeedv
primary factor which limits the performance these systenwis indoor environments, with and without delay matching
[2]. This paper investigates the effect of local oscillatp®) of the LO and Sl delay. The simulations and measurements
phase noise (PN) on digital baseband cancellation, provjatesented in this paper use the phase noise characteristics
ing experimental results for IBFD transceivers with diffiet of real frequency synthesizer devices typical of low cost
hardware characteristics and multipath SI channels. |n paadio transceivers, and also compare this with the fre@ingn
ticular this paper addresses transceivers in which the saaseillator model used in previous analysis [3]. Resultswsho
LO signal is used for up and down conversion, as may Ieat for the S| channel delay spreads observed in these
possible in small devices, and considers the effect of deldgvices/environments are lower than for relay application
mismatch between the Sl and LO signal paths. Some previgaducing the impact of PN, and that the phase noise from
research [2]-[6] has already addressed the effect of phgsactical LO devices is not a limiting factor in this applica.
noise on self-interference cancellation. In [3], [4] thehaus
report theoretical and simulated results for the level gitdl
cancellation (DC) acheived in the presence of phase noisell. SYSTEM MODEL AND MATHEMATICAL ANALYSIS

and multipath. However, [3] and [4] model only linear SI, This section applies a well known memory polynomial

and use a simulated multipath channel which models. outdgppdel [7] to model Sl in the presence of phase noise and non-
relay devices, therefore these results may not applicable|ihearity in the SI channel. Fig. 1 depicts an IBFD transeeiv
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same LO. Similarly, the linear SI component with PN is given by
For brevity this analysis is restricted to analysing thedin , (bl
component and the third order intermodulation components (NI = yigo + [nje/trl=lrnD, ©)
(IM3) of the SI (however the insights gained from this analys \ve observe from (9) that when the delay in the LO and SI
apply to all intermodulation components and also to thgéhannelis matched (i.e, = 0), that for the linear component,
multipath SI channel). As shown in [7], the IM3 componentge PN is the same in the upconversion and downconversion
generated by the PA are given in baseband as steps, and therefore cancels out. However, from (8), evén wi
M1 M-1 delay matching the non-linear SI components still depend on
y3[n] = 3 Z Z lgml,mz(n)* (x[n]x[n— m]x* [n-m,] the PN, and therefore in theory these cannot be completely
1y =0 ma=m cancelled. Observing the effect of delay mismatch in (9§ du
to the small delay in in-door scenarios, i.e, is small, it
+X[N]X* [N — m]x[n - my] + X*[n]x[n— my]x[n— mz])l. may be noted that the PN change between adjacent discrete
LO signal is small and will be largely influenced by the higher
(1) frequency offset PN components, i.e., PN floor. This will be

where y; is a common scaling facto is the maximum Proved in section Ill. _ _ _
memory length, ang,., ., is a filter function as determined by The combination of multipath propagation and PN in the
the Volterra kernel [7]. To investigate the theoreticagiaiction S! channel has been shown to degrade the DC performance
between this non-linearity in the SI channel and the LO phaky: Similarly, if we include multipath propagation in the
noise, this model can be extended by considering the relatRPove model, then both (8) and (9) would result in more S
phase shifts betweer[n], x[n — m;], X[n — my], and their components which depend on the .phase noise and th_erefore
conjugates, which result from the LO phase noise in both tG@nnot be cancelled, further degrading performance. Tgie di

up and down conversion. For example, if we represent thd cancellation which can be achieved in practice depends o
continuous phase noisé(t), in discrete baseband a$nT] or hardware |mperfec_t|ons_and multipath coupling in rgalslysi

#[n] in brief, whereT is sampling interval anah is the n‘" _(|.e., PN, PA_ non-lln_earlty, and delay spread) and is evallia
sampling point, then at Rx time n the tesin—m;] will have In the following sections.

been upconverted with a phase offsepffi—m;], and is down

converted with a phase offset e#s[n—-n.], where the effective I1l. SIMULATED PERFORMANCE

LO delay for down conversiory, is the difference between A, gmulation Setup

the mean SI channel delay and the Tx-Rx LO delay, such that'I'o allow the interaction between PN and non-linearity to

:e:rgLsZn_teTglih?ﬁg clitisir:tssum?g t?ﬁ; tsh;ncﬁrr: b;tzd;thfa:]er% observed, this simulation assumes PA non-linearity and
b a5 1.€., ping 9pN are the only transceiver impairments (no receiver therma

_enough (although in practice IS noF multiple of samp_hng Hoise is included). The simulation uses a simplified Voéterr
interval). Therefore when considering the phase noise, the

X[ — my] component becomes{n — m J/#ln-mlg-idln-nc] series memory polynomial PA model [8], and uses the same

. : PA parameters as given in [8, example 2].
Thus the memory polynomial can be extended to include phas?\l?)rmally oscillatgor PN i[s specifiizd AS a piecewise or
noise by making the following substitutions

discrete spectrum in dBc/Hz at certain frequency offsettaad

x[n] = x[n]e/¢lgi¢ln-n] (2) PN is highly related to the operating frequency [9], therefo
B ot pln—mi] amjd[n—ry ] this paper focus the discussion on sub-6 GHz bands where
X[n—m] =X[n ml]d - Je_. _— (3) full-duplex is likely to be used. In these simulations, the P
x[n—my] = x[n— my]e/Plnmelgri e (4)  waveforms are generated according to the PSD specificattion o
x*[n] = x*[n]e /#l"lgi¢ln—nel (5) off-the-shelf Qorvo RF2051 wideband RF phase-locked loop
—— T _ip[n—m ]| omjd[n-ny ] (PLL) frequency synthesizer [10], or by using the free-iagn
x*[n m] x*[n ml]e_ _— Je_ o () gsciliator mode as used in [3]. Two LOs are simulated: a
X'[n—my] = X*[n - my]e™/ Pl mlgr/ o], (7)  closed-loop Qorvo LO, with a 3-dB BW of 30 Hz, and a

ee-running LO, also with a 30 Hz 3-dB BW (see Table | for
SD data). Throughout this paper the DC algorithm proposed
in [11] is used; this algorithm cancels Sl due to linear and

Substituting (2)-(7) into (1) and rearranging gives the IM%
component with phase noise as

, M-l M-l non-linear Sl, including the effects of IQ imbalance.
y3[nl =3 Z Z 8my.my (N)* The simulation generates Tx waveforms, adds the upconver-
my =0 my=mi sion phase noise, applies the Sl channel model (includiag th
(x[n]x[n — X [N = e/ @lnl+gln—mi 1= gln-ma]-ln-nc]) PA non-linearity ar_1d assumed Qnalog d_omain isolation)sad_d
the down conversion phase noise (subject to delay matching
+ X[N]X*[N = My]X[Nn — mp]e/@lnl-dln=mil+éln-ma]-¢ln-nc]) parametern;), and then performs digital cancellation. The

simulation has been run using a two tone waveform with tone
+ X*[n]X[n = my]x[n - mz]ei(—(ﬁanwln—mlJ+¢ln—sz—¢ln—mJ))l. spacing of 4 MHz centred about the carrier frequency, aral als
using a 20-MHz bandwidth LTE uplink waveform, with these
(8) waveforms giving essentially the same result. The simutati
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Fig. 2. Simulated linear SI Channel DC performance as aiomaf Rx LO  Fig. 3. Simulated non-linear SI Channel DC performance asnation of
path delay. (The linear PA has a delay of 2 samples. FR=treeimg.) Rx LO path delay. (FR=free-running.)

sampling rate is 120 MS/s, and thus each sample delay in thgiween phase noise and PA non-linearity has no substantial
LO path corresponds to a delay of 8.3 ns. The Tx power is 20pact on the digital cancellation, as the only notable dif-
dBm, and 60 dB of analog isolation is assumed, i.e., -40 dBi@rence is that, for the frequency flat channel with perfect
Rx Sl power at the receiver input, which is realistic accogdi delay matching, the non-linearity prevents theoreticaifinite
to the literature [12]. Two multipath channels are used: trg@ncellation; the cancellation is limited by residual rioear
same outdoor relay multipath SI channel, as used in [3] afd, however this remains well below the noise floor. Finally,
[4], and an indoor multipath channel based on measuremeittiay be noted that for the Qorvo LO, whilst delay matching
from the dual antenna hardware IBFD transceiver describedes increase digital cancellation, the residual S| duéhtse
below in Section IV. For comparison, simulations are rurhwitnoise is significantly below the thermal noise floor for all
and without the non-linear PA model. Also for comparison, simulated LO delays, and therefore in practice delay magchi
frequency flat SI channel is also used in both the linear afsinot critical for digital cancellation.
non-linear simulations. The simulation reports the amaifnt
digital cancellation achieved for different values of Rx LO IV. EXPERIMENT RESULTS
path delayr,o. A. Hardware Setup

To verify the mathematical analysis and simulation results
hardware measurements have been made using a National

Fig. 2 shows the amount of digital cancellation achieved #&isstruments (NI) PXle platform, with NI PXle-5644R vector
a function of LO path delay for the different multipath chahn signal transceiver (VST) hardware to implement the trans-
and LO PSDs when ideal linear PA is assumed. In the casenoitter and receiver subsystems. A Mini-Circuits ZX95-2500
the frequency flat channel, matching the LO delay and chanweltage controlled oscillator (VCO) is used as LO source. In
delay (i.e.n;, , = 2) a theoretically infinite amount of digital open loop this device has a 3-dB bandwidth<df0 Hz but
cancellation is achieved, as predicted by (9). Howevehaut relatively high flicker noise compared to that of a closedploo
a matched delay the PN results in imperfect cancellation sgnthesizer - it would therefore be expected that this devic
expected. It is also clear from Fig. 2 and Fig. 3 that theould have a larger impact on cancellation compared to the
shorter delay spread in the indoor channel reduces the imp@orvo device [4]. To emulate the Qorvo LO and free-running
of the phase noise, however, more significant fact is that fbo© used in the simulations, LO output signals with the same
the realistic Qorvo oscillator PSD, the phase noise is notcharacteristics are generated using another VST tramsmitt
limiting factor as the residual Sl due to phase noise is beldhis emulation is possible since the VST phase noise and
the receiver noise floor. As shown in [4], the flicker noise anthermal noise is below that of the emulated devices, thus
thermal noise components can have a substantial impactondalowing these LO signals to be accurately generated. Phase
level of cancellation, and as such the free-running modgl maoise PSDs for all LO signals are given in Table I. The LO
under-predict the level of digital cancellation which caa bsignal is shared between the Tx and Rx mixers using an RF
achieved [4]. Since the two LO signals used in this simutatisplitter. To observe the effect of delay in the receiver L&hpa
have the same 3-dB bandwidth the differences shown abaweasurements are taken with no relative delay between the Tx
can be attributed to the different spectral shape at higherd Rx LO input, and with added delay in the Rx LO path
frequency offsets. Whereas the free-running model predict using a length of cable. A Mini-Circuits ZX60P162 amplifier,
reduction in digital cancellation due to phase noise, tsalte operated close to its 1-dB compression point, is used inAhe P
using practical LO spectral shape quantify performancenwhessulting in a non-linear SI channel. The PA's output poveer i
using a typical handset frequency synthesizer, and shotv thé dBm. A 20 MHz LTE signal is used as the Tx signal and
in practice the phase noise will not be a limiting factor. the VST receiver's thermal noise floor is about -165 dBm/Hz.

Comparing Fig. 2 and 3, it can be seen that the interactidihree S| channel configurations are used: a cabled connectio

B. Results



TABLE |
PHASE NOISE POWER SPECTRAL DENSITIES OF THEO SIGNALS USED
IN THE MEASUREMENTS AND SIMULATIONS. NF=NOISE FLOOR

LO Source PN (dBc/Hz) at offsets
(3-dBBW (Hz)) | TkHz | 10 kHz | 100 kHz | T MHz | NF
Qorvo -85 -90 -93 -130 | -150
Mini-Circuits -62 -89 -111 -131 -161
Free-running (30)| -50 -70 -90 -110 -142
Free-running (50)| -48 -68 -88 -108 -140
TABLE Il

MEASURED LEVEL OF DIGITAL CANCELLATION FOR DIFFERENTIBFD
TRANSCEIVER ARCHITECTURES ANDLO PSDs.
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delay matching. Thus in practice phase noise is not a lignitin
factor for digital cancellation for small form factor deegin
indoor environments (provided sufficient RF cancellati@s h
been achieved).

V. CONCLUSION

This paper has analysed the impact of phase noise in IBFD
transceivers with linear and non-linear Sl channels andesha
Tx and Rx LOs for different modelled and practical LO PSD
characteristics. In theory, even with shared LOs and perfec
delay matching between the Sl channel and Rx LO signal path,
the interaction of phase noise and non-linearity resulhizse
noise dependent Sl which cannot be completely cancelled.
However, simulations and measurements have shown that for
practical device parameters, the combination of phaseenois
and non-linearity does not limit digital cancellation. Sita-
tions and measurements of hardware IBFD transceivers using
practical LO signals in indoor environments have achieved
digital cancellation of SI down to the receiver noise floor,
demonstrating that in practice phase noise does not limit

LO Source Sl Channel | RMS Delay | Rx LO DC
(3-dB BW (Hz)) Configuration | Spread (ns)| Delay
Qorvo (30) Dual antenna 12.4 0 55 dB
Qorvo (30) Dual antenna 12.4 ~6ns | 55dB
Qorvo (30) EBD 275 0 55 dB
Qorvo (30) EBD 275 ~6ns | 55dB
Mini-Circuits (<10) | Dual antenna 12.4 0 55 dB
Mini-Circuits (<10) | Dual antenna 12.4 ~6ns | 55dB
Mini-Circuits (<10) EBD 275 0 55 dB
Mini-Circuits (<10) EBD 275 ~6ns | 55dB
Free-running (30) | Dual antenna 12.4 0 53 dB
Free-running (30) | Dual antenna 12.4 ~6ns | 55dB
Free-running (30) EBD 275 0 50 dB
Free-running (30) EBD 275 ~6ns | 53dB
Free-running (50) EBD 275 0 48 dB
Free-running (50) EBD 275 ~8ns | 53dB [1]

with RF attenuators which provides a frequency flat chann%
with 53 dB loss, an electrical balance duplexer (EBD) of the
configuration described in [13] (also with 53 dB attenuatjon
and another configuration with separate Tx and Rx antenndsl

cancellation for this device type and environment.
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