2014 IEEE International Conference on Acoustic, Speech and Signal Processing (ICASSP)

FEASIBILITY STUDY ON FULL-DUPLEX WIRELESS MILLIMETER-WAVE SYSTEMS

Liangbin Li*

Kaushik Josiam T

Rakesh Taori'

* University of California, Irvine, CA
T Samsung Research America, Dallas, TX

ABSTRACT

To enable simultaneous transmit and receive operations on the
same frequency band, also known as full duplex, on adjacent
panels of a millimeter wave (mmWave) base station (BS), we
benchmark the amount of leakage interference from the trans-
mitter to the receiver. We construct a self-interference chan-
nel model consisting of line-of-sight (LOS) leakage and non-
LOS (NLOS) reflections from nearby clusters. From simu-
lations, we further show that due to antenna beamforming in
mmWave systems, the LOS leakage interference is subdued,
whereas the NLOS leakage is amplified. For some BS de-
signs, the NLOS leakage is likely to be the dominant inter-
ference. It impacts system designs in two ways. First, the
worst case interference can still saturate the receiver chain and
would require analog and digital cancellation in addition to
the isolation provided by antenna beamforming. Second, due
to the delay associated with NLOS reflective components, the
cancelers would need to accommodate a large dynamic delay.

1. INTRODUCTION

Wireless communication systems have traditionally consid-
ered the use of separate transmit and receive processing
chains connected to a common antenna via a duplexer. The
resulting interference from the transmit chain into the receive
chain necessitates the separation of transmit and receive op-
erations in either time or frequency. When systems operate
by division in time or frequency, they are said to be in half
duplex mode where improved signal strength comes at the
expense of throughput. Even when transceiver chains are
connected to different antenna, the proximity of the antennas
causes enough transmission leakage into the receiver chain
to make full duplex difficult. For such systems, a combina-
tion of passive antenna arrangement and active analog/digital
cancellation techniques [1, 2] has been used to realize full
duplex operation in the microwave (< 3GHz) band. In a
recent effort [3], significant advances have been reported for
full duplex operation in a traditional single antenna system
by using a combination of active analog and digital cancelers
that reduce leakage interference to the levels below the noise
floor. So far, research on full Duplex has primarily focused
on operation in microwave frequencies. In this paper, we will
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investigate the feasibility of full duplex at millimeter-Wave
(mmWave) frequencies.

Signals modulated by mmWave carriers experience larger
free space path loss and undergo significant reflection losses
[4]. To overcome these effects, beamforming in a desired di-
rection is performed using high-gain antenna arrays. Beam-
forming involves exciting each antenna in the array by phase
shifted versions of a signal. The phase shifted signals from
the antennas form a beam by adding constructively in a de-
sired direction and destructively in others making the radi-
ated power an angular function. The beams can be steered by
altering the phase shifts on the signal.

To study feasibility of full-duplex systems at mmWave,
we consider transmit and receive chains connected to two dif-
ferent linear arrays. The transmit and receive arrays can be ar-
ranged either on a single plane or on two different planes. In
both arrangements, leakage from the transmit array can over-
whelm the received signal at the receive array in full duplex
operation. In this paper, we consider the two plane arrange-
ment of the arrays shown in Fig.1. The setting can be con-
sidered for applications involving mmWave backhaul. The
contributions of this paper are two-fold:

e We build a model for the leakage channel that consists
of Line-of-sight (LOS) and reflective non-LOS (NLOS)
components. We show empirically that the dominant
leakage, when beamforming is used, could be from the
NLOS component. This is in contrast to the observa-
tions made in studies on microwave band full duplex,
where interference is dominated by the LOS channel

[5].

e We characterize the distribution of the leakage power
from the transmitter as seen by a beamformed receiver
and quantify the amount of cancellation necessary to
reduce the interference. In doing so, we are able to
identify the requirements on the analog cancellation to
reduce the interference to the levels that are within the
dynamic range supported by the analog to digital con-
verter (ADC), after which a digital canceler can be em-
ployed to further suppress the interference.

The rest of the paper is organized as follows. We describe the
self-interference channel in Section 2. The simulation results
are shown in Section 3 followed by conclusions in Section 4.
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Fig. 1. Full-duplex transmission on adjacent panels of a six-
panel base station. Linear antenna arrays are deployed at both
transmitter and receiver. There are two types of leakage: LOS
leakage (red color) and reflection leakage (green color).

2. THE SELF-INTERFERENCE CHANNEL

Consider the transceiver illustrated in Fig. 1. We denote the
angle between two adjacent panels as . For six-panel BS,
0 = %’T The center of the two arrays are separated by a dis-
tance of d meters. The transmitter has an array of M antenna
elements, whereas the receiver has an array of N antenna el-
ements. The antenna spacings are assumed to be equal to half
of the wavelength. The transmit and receive antenna arrays
can be steered towards a spatial direction with maximum an-
tenna gain by choosing an appropriate phase shift at each an-
tenna. Let us assume that the steered angles are 67, and 0g,
for transmitter and receiver, respectively, measured w. r. t. the
bore-sight of each array. For simplicity, we present the chan-
nel model for one-dimensional linear arrays. Extension to
two-dimensional arrays is straightforward.

The self-interference channel is made up of two compo-
nents. The first component is a LOS path through the back
side of linear array (represented by red color in Fig. 1). The
second component is a multi-path NLOS leakage due to re-
flections from nearby clusters (represented by green color
in Fig. 1). Transmit signal from the array is reflected (or
diffracted) by nearby clusters, and arrives at the receive array.

2.1. The LOS path

Typically, the signals from the transmitter are assumed to im-
pinge on a receive array in the far field as a planar wave.
The planar wave assumption results in two approximations.
First, all antenna elements observe a signal with the same
path loss. Second, the phase difference among antenna ele-
ments depends only on the angle of arrival (AoA) and the re-
ceive antenna spacing. The planar wave assumption does not
hold when the transmit and receive arrays are on two close-by
adjacent panels. Consider the indexing of antennas as shown
in Fig. 1. Due to the proximity of two arrays, the AoA at
receive Antenna 1 from transmit Antenna 1 is different com-

pared to that from transmit Antenna 8. The difference is en-
larged when the panel angle 6 is decreased. Therefore, we
consider a spherical propagation model for the LOS leakage
path. Denote the ray between transmit Antenna m and re-
ceive Antenna n as Ray (m,n). The distance between trans-
mit Antenna m and receive Antenna n is denoted as d,,,,.
Clearly, the arrival phase and path loss correspond to Ray
(m,n) depend on the distance d,,,,,. We model the LOS path
of Ray (m,n) as h%n?f = /Bmn €Xp (—j%”dmn), where \

2
and B,y = (ﬁ) denote the wavelength and the free-

space path loss for the ray, respectively. Denote the angle
between transmit panel and Ray (m,n) as ¢, and that be-
tween receive panel and Ray (m,n) as t¢,,. From triangle
geometries, we have ¢, + ¥mn + 0 = 7. Let the antenna
gain of each transmit and receive element at the direction of
Ray (m, n) be Grx(¢dmn) and Grx(¥mn ), respectively. Fur-
ther denote the steering phase shifts as a,, for transmit An-
tenna m and b,, for receive Antenna n. The equivalent chan-
nel at the output of receive Antenna n can be written as

0% = " VG bmn) Grs(mn)ambuhyon - (1)

m=1:M

To steer the transmit array towards the desired direction 07,
we have a,, = ﬁ exp((m — 1)7j sinfry). Similarly, we
have b,, = \/Lﬁ exp((n — 1)7j sin Or,) for receive array to-
wards direction ;. Combining signals from all receive an-
tenna ports, we have an equivalent channel for LOS path as

Z \/ﬂmnGTx(d)mn)GRx(wmn)

m=1:Mn=1:N

2
X Gy by €XP <—j;dmn> : )

hLOS —

When d is large, the above model can be approximated based

on planar wave by assuming B, & 8, Omn & @, Ymn ~ 1P,
and dy,y, ~ d+(m—1) cos(¢) 3 +(n—1) cos(¢) 5 for Vm, n.

2.2. The reflective path

The reflective path is due to reflection or diffraction from
nearby clusters. We assume a spatial channel model [6] made
up of L clusters, each with delay, 7; , = 1, ..., L. Each clus-
ter further consists of () rays in different spatial angles. We
associate each ray with an angle-of-departure (AoD) qblfflef,
l=1,...,L,g=1,...,Q, at the transmit array and an AoA
e at the receive array. Since the propagation distance of
the reflective paths is larger than that of the LOS path, planar
wave assumption holds for all reflective paths. We can com-
pute the overall array gain at direction gbl%ef when the array is
steered towards Oy as

A(eTxa (bs]efv M) = GTX((ZSE]ef)

2

X Z Ay, €XP (—(m—l)ﬂj(sin¢£‘zef)) , (3

m=1:M
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where the steering coefficient a,, is a function of 6. The
first term is the gain offered by each antenna element, whereas
the second term is the linear array gain. Similarly at the re-
ceive array, we can compute the overall array gain function
as A(Orx, 1/)11?1“, N). At the output of receive array, we model
the channel gain associated with Cluster [ and ray q as

h}:}]ef = \/BZA<9Txa ¢51€f7 M)A(HRXa ’djl};efa N)plq eXp(j(qu)a
4)

where 3, piq, and ®;, denote the path loss of all rays from
Cluster [, the normalized power of the ray associated with
Cluster [ and Ray ¢, and phase transition due to reflec-
tion, respectively. To normalize power, it is required that
pig = 1. Without loss of generality, we can as-
1=1:L,q=1:Q
sume that clusters are indexed based on their distance to the
transceiver. Then, Cluster [ has the /th smallest delay, i.e.,
71 < 1o < ... < 7. To model the path loss of Cluster
l, we assume clusters are randomly dropped with a distance
to the transceiver uniformly distributed in [dpin, dmax|- The
resulting L distances are sorted in an ascending order. The
[-th distance after sort, denoted as leef, is associated with
Cluster {. Then, (3; is modeled as

—10log,o 81 = Bo + a x 10log(2dRH) + ¢, (5)

where « denotes the path loss exponent, and ¢ denotes re-
flection loss. We apply the best NLOS path loss exponent,
a = 4.56, reported in [4] measured using a reference dis-
tance of 5m, i.e., the path loss equation is 10 log; (4”;5)2 +
10a x logy (£). Comparing the path loss equation with (5),

A ) ~ 10alogh = 43.5 dB. We

47 x5
assume that the reflection loss is £ = 10 dB.

The self-interference channel consists of both LOS leak-
age and reflective leakage. Assume that the LOS path has
zero delay. Combing Eq. (2) with (4), the time-domain self-
interference channel can be expressed as

h(t) =hOS5(t) + Y

1=1:L,q=1:Q

gives By = —201log;, (

hieto(t—m),  (6)

where §(t) denotes the delta function.

3. TIME-DOMAIN CHARACTERISTICS

Eq. (6) defines a time-domain multipath channel after antenna
beamforming. In this section, we study the temporal charac-
teristics of the channel and simulate the impact of LOS and
reflective leakages provided by the proposed model. We first
consider a transceiver design with six panels where the angle
between adjacent panels is 6 = %’T The array separation dis-
tance is d = 0.5 meters. Other transceiver designs will be
compared later. We consider a linear antenna array that has
8 antenna elements whose beam pattern at 1, = 0 is shown

in Fig. 2. For the reflective paths, the AoD gb}}ff, AoA 1/1{}16f,

Fig. 2. The overall array gain (beam pattern) A(0, 6, 8) with
the steering angle O, = 0. At the boresight, the antenna gain
is approximately 24 dB.
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Fig. 3. CDF of channel attenuation for different paths.

delay 7, phase transition ®;4, and the normalized power p;q
are generated according to the 19-ray urban micro environ-
ment in spatial channel model [6]. We further assume that the
distance between clusters and the transceiver is uniformly dis-
tributed in 2/[20, 50] meters. The steering angles 61y, Ory are
uniformly distributed in [f & %] since they will be steered in
the directions of their desired links.

The cumulative distribution function (CDF) of channel
attenuation and path delay, with 1 GHz bandwidth at 28 GHz
frequency, are shown in Figs. 3 and 4, respectively. The
curves labeled ‘LOS’ and ‘NLOS’ correspond to the atten-
uation of the LOS path and the total power of all reflective
paths, respectively. The worst-case isolation of LOS path is
around 80 dB, whereas that of all reflective paths is around
85 dB. We also show the CDF of the ordered gain of the first
five strongest paths (labeled ‘nth strong’). Note that for a
mmWave system with 1 GHz bandwidth, the noise floor is
around —80 dBm. Let the transmit power be 46 dBm. Any
path with gain less than —126 dB would be below the noise
floor, and it is indistinguishable from noise by the receiver.
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Fig. 4. CDF of channel delays for different paths.
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Fig. 5. CDF of total channel attenuation for different
transceiver designs.

Therefore, the effective number of the multipath is four for
the case in Fig. 3. Fig. 4 shows the CDF of delays of the first
five strongest paths. Since the LOS path has 0 delay and any
nonzero delay is contributed by the reflective path, we can
observe from Fig. 4 that the strongest channel are 73% of the
time from the LOS path and for the remaining 27% of the
time, it is from the reflective paths. Recall that on microwave
frequency, full-duplex system is without antenna beamform-
ing, thus the dominant interference is from LOS leakage. On
mmWave frequency, the dominant path is likely to be from
reflection of nearby clusters due to antenna beamforming.
We further provide an example to show how antenna ar-
rays reshape the leakage power distribution between LOS and
reflective paths. Let us assume the steering angles 6, Orx
equal to zero and one cluster is 20 meters away from the
transceiver. Also let the AoD gblf;ef and AoA wgef be 10 de-
gree. We summarize the path-loss and the equivalent path-
loss after antenna beamforming for LOS and reflective paths
in Table. 1. Note that the equivalent path loss of the reflec-
tive path can be obtained by adding antenna array gain to the
path loss. From Fig. 2, the antenna array gain at AoD= 10
degree is approximately 15 dB. The total transmit and receive
antenna gain is 30 dB. It can be observed that at the output
of antenna port, the equivalent path loss of the LOS path is
enlarged because the antenna arrays provide additional isola-

Table 1. Link budget analysis for LOS and reflective paths at
Oy, Orx = 0 and d?’ef = 20 meters . AoD, AoA=10 degrees.

LOS Path | Reflective Path
Path Loss —55.3 dB —126.5 dB
After Antenna Array | —98.2 dB —96.5 dB

tion. However, the equivalent path loss of the reflective path
is decreased since the antennas amplify the front-end leakage.
Consequently, the reflective leakage is stronger than the LOS
leakage after antenna beamforming for this example.

Fig. 5 shows the CDF of total power of all paths (in-
cluding the LOS path and all reflective paths) for different
transceiver designs. Let us assume that the receiver uses an
ADC with 10 effective bits. If the receiver allows the self-
interference to access at most 8 effective bits, then the tol-
erable interference-to-noise ratio is about 48 dB above the
noise floor. Thus, with a noise floor corresponding to chan-
nel gains at —126 dB in Fig. 5, the ADC threshold will be at
—126+4-48 = —78 dB. The worst-case channel attenuation for
a six panel transceiver with d = 0.5 meters is —80 dB, and
does not saturate the receiver’s ADC threshold at —78 dB.
Thus, for this specific transceiver design, we need baseband
algorithms to cancel the 126 —80 = 46 dB residue leakage in-
terference. For the other three transceiver designs, the worst-
case interference leakage is above the ADC threshold. We
need to either improve the ADC threshold or design cancel-
lation algorithms in analog domain. Generally, adding ADC
effective bits consumes more power and requires challeng-
ing hardware designs [3]. Analog cancellation algorithms,
e.g., [3], can be used to mitigate leakage interference, if the
algorithm can provide a large dynamic range to track the de-
lay of the peak leakage path. The required dynamic range for
the delay path is from 0 to 200 ns, as observed from Fig. 4.

4. CONCLUSIONS

We proposed a methodology to model the leakage chan-
nel from the transmit to the receive array in a full duplex
mmWave transceiver. Using the self interference channel
model, we showed that beamforming reduces the impact of
the LOS component. At the same time, the received power
from the NLOS reflective components increase and contribute
to a major portion of interference seen at the receiver. The
distribution of the interference power shows a large spread
in its values where the worst case is about 46 dB above the
noise floor, implying that we cannot only rely on beamform-
ing to provide isolation between transmit and receive arrays.
Instead, both analog and digital cancellation are important to
realize the promise of mmWave full duplex systems. Future
work includes modeling impairments due to components in
the transceiver chain and proposing analog/digital cancella-
tion algorithms to suppress about 46 dB of interference.
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