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Abstract—In this paper, we investigate the combination of full-
duplex wireless communication with large-scale multiple-input
multiple-output (MIMO) technology, which has the potential for
bidirectional wireless communication at high spectral efficiency
and low power consumption. In addition, we study its application
to cellular (multi-user) systems that could be extended with
large antenna arrays, such as 3GPP LTE. In order to solve
the fundamental issue of self-interference cancellation in full-
duplex cellular communication systems, we propose two schemes
that exploit the excess of antennas present at the base-station
(BS) of large-scale MIMO systems. We investigate the associated
sum-rate and show that by carefully selecting the ratio between
number of transmit and receive antennas at the BS, one is able
to maximize the system capacity. We furthermore investigate the
inter-user interference issue that occurs in multi-user scenarios,
as well as the impact of residual transmit-side (TX) radio-
frequency (RF) impairments. Our preliminary results show that
large-scale MIMO is able to render full-duplex communication
more resilient against inter-user interference and helps to miti-
gate the effects of residual TX-RF impairments.

I. INTRODUCTION

Large-scale multiple-input multiple-output (MIMO) is an
emerging wireless communication technology that offers in-
creased spectral efficiency and link reliability compared to
conventional (small-scale) MIMO wireless systems [1]-[6].
The idea underlying large-scale MIMO is to serve a small
number of users from a base station (BS) that is equipped
with hundreds of antennas. The excess of antennas at the BS
(in contrast to user antennas) allows fine-grained beamforming
to each user terminal, which enables energy-efficient and high-
throughput data transmission [4].

Another promising technology that is believed to increase
the spectral efficiency (compared to conventional half-duplex
systems) is full-duplex wireless communication; this approach
aims at transmitting and receiving data at the same time
and within the same frequency band [7]. In theory, full-
duplex data transmission is capable of doubling the spectral
efficiency compared to that of half-duplex systems. In practice,
however, the benefits promised by full-duplex technology is
limited by the so-called self-interference, which refers to the
transmitted signals that are directly received at the terminal’s
receive chain (in addition to the data signals received from
other transmitters). To combat the fundamental problem of
self-interference, a variety of solutions have been proposed
in the literature [7]-[13]. The schemes of [8], [9] rely on
RF-level and analog-level cancellation methods. In [10], self-
interference is cancelled by careful placement of the transmit
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Fig. 1. System overview: (a) full-duplex system; (b) half-duplex system.

and receive antennas at each terminal. Another approach is
to cancel interference via baseband processing techniques,
e.g., using sophisticated transmit and receive filters (see [7],
[11]-[13]). More recently, multi-user interference cancellation
schemes have been proposed in, e.g., [14], [15].
Contributions: In this paper, we investigate the applica-
tion of full-duplex data transmission to cellular (multi-user)
communication systems such as 3GPP LTE, by leveraging the
benefits of large-scale MIMO. To this end, we propose two
self-interference suppression schemes, referred to as extended
zero forcing (ZF) precoding and extended regularized channel
inversion (RCI), which are capable of jointly exploiting the
gains of large-scale MIMO and full-duplex communication.
We show that by carefully selecting the ratio between the
number of BS transmit and receive antennas, we are able
to maximize the sum rate of the communication system. We
furthermore demonstrate that full-duplex communication in
combination with large-scale MIMO becomes more resilient
against (i) user-to-user interference and (ii) residual transmit-
RF impairments, which typically limit the performance of full-
duplex communication in practical transceiver designs.

II. SYSTEM MODEL

The large-scale, full-duplex MIMO wireless system consid-
ered in the remainder of this paper is depicted in Fig. 1(a).
At the BS, the system is equipped with Ny antennas for the
downlink and N,; antennas for the uplink. In addition, there
are U user terminals. This part of the system is equivalent
to a Ng x U system in downlink and a N,; x U system in
uplink, where U < Ng; and U < N,;. As a reference, we also
consider a conventional half-duplex N x U multi-user MIMO
system with N = N,; + Ny BS antennas (see Fig. 1(b)).

A. Downlink model

In the downlink, the transmitted (coded) bit stream is
mapped to constellation points in the set O. The modulated



vector s = [s¢,...,s4]T with s? € OY, containing the
modulated symbols for all U users, is then precoded as

u? = Ps?, (1)
where u? = [uf,...,u% ]7 corresponds to the precoded

vector, and P is a Ny x U precoding matrix. The power of
the resulting precoded vector is normalized as
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Here, x* = [z{,... 2% ]7 is the transmit vector and E¢

is the downlink transmission power. The power-normalized
transmit vector is then transmitted over the wireless channel
and the received signal at the i" user is modeled as follows:

v = hix? + 2 +nj. 3)

Here, h¢ € C'*Na i the downlink channel vector generated
from WINNER-Phase-2 model [16], z¢ is the interference
generated from the other (transmitting) users, and n¢ is zero-

mean complex Gaussian (ZMCG) noise with variance Néi.

B. Uplink model

In the uplink, the transmitted bit stream at each user is en-
coded and modulated analogously to the downlink. The mod-
ulated vector of all U users, denoted by s* = [s},.. 1T
with s* € OV, is transmitted over the wireless channel, which
is modeled as

u
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y* = H%" + H°x% 4 n*, 4)

Here, y* = [y},... ,y}{,ul]T, H* ¢ CNuxU js the (tall
and skinny) uplink channel matrix, H* € CNw*Na jg the
self-interference channel from the BS transmitters to the BS
receivers, and n* € CM« models additive noise; H* is
generated from the WINNER-Phase-2 model [16]; the entries
of H? are assumed to be i.i.d. ZMCG with variance /3 [7]; the
entries of n* are assumed to be i.i.d. ZMCG with variance .
We furthermore define the uplink transmission power at user ¢
to be E{|s;|°} = E*/U.

C. System impairments

To analyze the proposed full-duplex system in a more
realistic scenario, we also include one of the key system
impairments. In particular, we model residual BS transmit-side
(TX) radio-frequency (RF) impairments, which are commonly
characterized by the error vector magnitude (EVM). With such
residual TX-RF impairments, the transmit vector in (2) can be
modeled as follows (see [17] for the details):

x? - x? + Ax?. (5)

Here, the entries of Ax? are assumed i.i.d. ZMCG with
variance 52Eg, where &2 represents the EVM.

III. SELF-INTERFERENCE SUPPRESSION SCHEMES

In this section, we develop two self-interference suppression
schemes for full-duplex, large-scale MIMO systems. We fur-
thermore characterize the optimal ratio between transmit and
receive antennas at the full-duplex BS.

A. Self-interference in large-scale MIMO systems

In large-scale MIMO systems, the precoded downlink signal
can be more focused to the receiving antennas as the number
of BS transmit antennas increases. As a consequence, one can
increase the received SNR at each user [2]. This phenomenon,
however, does not necessarily reduce the self-interference
power (at the BS). To analyze this behavior, we compute the
self-interference power at the i™ BS receiver using (2) and (4)
as follows:

dA B HsHy spod

PZh{" hiPs
Ef = [hix?|> = E{ B¢ Lt
;= [hix?| { s | Psd||2

Here, hi € C1*Nav i the self-interference channel vector for
i" BS receiver. As the precoding matrix P is constructed using
the matrix H?, which is assumed to be uncorrelated from h?,
the self-interference power corresponds to Ef = 32E4, where
(3% is the variance of each entry in h{. This result indicates the
average self-interference power at each BS receiver is constant
and does not depend on the number of BS transmit antennas.
Hence, self-interference suppression in full-duplex systems is
necessary to maintain good transmission performance.

B. Enabling full-duplex for mobile communication

In the typical small-cell systems, such as microcells (with
up to 2km range), the transmission power is around 33 dBm
to 40dBm [18]. By assuming the noise floor is —90 dBm [19],
meaning that we need about 123 dB to 130 dB self-interference
suppression to enable full-duplex for mobile communication.
This requirement significantly exceeds the capabilities of cur-
rent self-interference suppression techniques, which achieve a
reduction of approximately 113 dB [8].

As shown in [2], by maintaining the same received SNR,
large-scale MIMO systems can reduce their transmission
power at both BS and UE to E¢/Ny. This implies that by
increasing Ny to, say, 100, the transmission power can be
scaled down to the range from 13dBm to 20dBm. At this
transmission power, we can apply full-duplex transmission
to mobile communication in combination with existing self-
interference cancellation schemes [8], [20].

However, as we need to cancel the interference from all
transmit antennas, a direct application of existing analog and
radio frequency domain self-interference suppression methods
to a large-scale MIMO BS will result in excessive hardware
complexity. As a consequence, we will focus on baseband-
level self-interference suppression techniques suitable for mas-
sive MIMO base-stations.

C. Self-interference suppression precoding schemes

We propose two self-interference suppression precoding
schemes: (i) the extended zero forcing (ZF) precoder and (ii)
the extended regularized channel inversion (RCI) precoder.
The idea is to form the beams of the downlink signals to the
users, while simultaneously form beams to the BS receivers
to send all-zero signals, which will avoid self-interference.
The extended ZF precoder is designed to minimize the multi-
user interference, while the extended RCI is designed to



maximize the signal-to-interference-plus-noise ratio (SINR).
Both precoders are constructed by extending (1) to
d
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where P, is the extended precoding matrix and r is the rank
of H®. The vector Oy, x1 is the N,; x 1 all-zeros vector to be
transmitted to the BS receivers (to suppress self-interference).
1) Extended zero-forcing precoder: To minimize multi-
user interference, the conventional ZF precoder used in the
downlink of large-scale MIMO systems is constructed as
He (HIHY )1 2], where H?" is the Hermitian of H.
To suppress the self-interference, we extend the ZF precoder
to send zeros to the BS receive antennas as
Hd
Pext - Hzt (HextHglmt)_lv Hezt = |:Hg:| (7)
By applying blockwise matrix inversion, the above extended
ZF precoder is equivalent to defining the precoding matrix
used for (1) as follows:

P :(HdH o HsH(HsHsH)lestH> (8)
(HdeH _ HdHSH(HSHSH)_lHSHdH)_l.

2) Extended regularized channel inversion precoder: Al-
though the ZF precoder can perfectly avoid multi-user interfer-
ence, the RCI precoder has better performance by maximizing
the SINR at each user. The RCI precoder is conventionally
defined as HY" (HIH" + oI)~1 with o = UNZ/E¢ [21].
For a full-duplex system, we extend the RCI precoder to
reduce the self-interference as

Pert = Hgmt (He:rtHH

exrt

+R)!, R= [O”I 0

0 a9 I:| ’ (9)

By following the same derivation as in [21], we set oy =
UN¢/E¢ to maximize SINR at each user and ap = 0 in order
to suppress the self-interference at the BS receive antennas.
By applying a blockwise matrix inversion, the above extended
RCI precoder is equivalent to

P= (HdH o HsH(HSHsH)lestH)
(HdeH + OélI _ HdHSH(HSHSH)_lHSHdH)_l.

(10)

3) Sum-rate optimal antenna ratio: In a large-scale MIMO
system, the uplink sum-rate for each user can be approxi-

mated [2] as follows:
Ny EY
U Nt~

Using the same approach, we can also approximate the
downlink sum-rate for our proposed extended ZF precoder.
In particular, as N4 becomes large, the downlink sum-rate
for each user can be approximated as follows:

(Nai — Nu) E¢
U Ni)
The expressions in (11) and (12) give rise to the assumption
that there is an optimal ratio between BS transmitters and BS

c* %logQ(l—&— (11

C4 ~ log2(1 + (12)

receivers to maximize the total sum-rate of both, the downlink
and uplink. In particular, by computing maxy;,, /n,, (C9+C"),
the optimal ratio N,,;;/Ny; is achieved by
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where N is the total number of BS antennas N = N,; + Ny;.
From (13) we see that as E4/N¢ and E¥/N¥ become large,
or as N becomes large, one obtains the following sum-rate
optimal antenna ratio: N,;/Ng ~ 1/3. Hence, by choosing
3x more downlink than uplink antennas, one can maximize
the system’s total sum rate at high SNRs.

IV. SIMULATION AND ANALYSIS

In this section, we compare the performance of the pro-
posed full-duplex system (i.e., full-duplex BS and user equip-
ment (UE)) using the proposed self-interference suppression
schemes at the BS to that of a half-duplex system (i.e., half-
duplex BS and UE). At the UE side, we assume the use
of the self-interference cancellation techniques from existing
work [8], [20]. We further investigate the impact of user-to-
user (U2U) interference on the system’s performance.

A. System parameters

We assume for the half-duplex system that the downlink and
uplink transmissions are carried out in different time slots,
which is reasonable for large-scale MIMO systems [1]. For
the full-duplex system, downlink and uplink transmissions
occur simultaneously. The full-duplex and half-duplex BS are
equipped with same number of antennas. Since the hardware
complexity of the UE is critical, we assume both the full-
duplex UE and half-duplex UE are equipped with 1 transmit
and 1 receive chains, which are equivalent to 1 antenna for
half-duplex UE and 2 antennas for full-duplex UE. Both
systems deploy OFDM transmission with 128 sub-carriers and
a carrier frequency of 5.25 GHz.

B. Full-duplex system vs. half-duplex system

We compare the system’s sum-rate of the proposed full-
duplex and half-duplex system over a period of two OFDM
symbol time slots. We fix the number of BS antennas, N, and
vary the ratio of BS receive antennas to BS transmit antennas,
Nyi/Ngi. We assume the following parameters:

e The number of UEs, U, is 4.

o The number of BS antennas, NV, is 128.

o For the half-duplex system, in both the uplink and the

downlink time slot, the system configuration is 128 x 4.
o For the full-duplex system, the BS has Ny transmitters
and N, receivers and serves 4 UEs simultaneously. In
the uplink, the system configuration is V,; X 4; in the
downlink, the system configuration is Ny x 4.

The results in Figs. 2(a) and 2(b) show that more receive
antennas [V,; at the BS result in higher uplink sum-rate,
whereas more BS transmit antennas Ng result in higher
downlink sum-rate. The results also show that although there
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Fig. 2. (a) Extended ZF precoder with different UL/DL antenna ratios (N = 128); (b) Extended RCI precoder different UL/DL antenna ratios (N = 128);
(c) Extended RCI precoder different UL/DL antenna ratios (N = 128; Es/Ng = 20 dB); (d) Extended RCI precoder and MF precoder (Ny;/Ng = 5/11;
Es/No= 20 dB); (e) Extended RCI precoder with different number of antennas at UE (N = 128); (f) Extended RCI precoder with different number of
antennas at UE (N,;/Ng = 5/11; Es/No= 20 dB); (g) Extended RCI precoder with U2U interference (Ny;/Ng = 5/11; Es/No= 20 dB).

is some loss by sacrificing the degrees-of-freedom to perform
self-interference suppression, the full-duplex system still has
close to the twice sum-rate compared to the half-duplex
system. Furthermore, both simulation results confirm that the
sum-rate of the extended ZF precoder is very close to that of
the extended RCI precoder. Hence, in what follows, we only
consider the extended RCI precoder.

Fig. 2(c) shows the sum-rate trade-off controlled by the
number of uplink and downlink antennas. As indicated by the
approximation (13), the optimal ratio N,; /N that maximizes
the total sum-rate is approximately 1/3.

We next investigate the effect of the number of antennas [NV
at the BS on the sum-rate with a fixed ratio of N,;/Ny . In
this comparison, we include the matched filter (MF) precoding
scheme, which has no self-interference cancellation property
(for a finite number of antennas). The MF uses (H%) as a
precoding matrix. We assume the following parameters:

¢ The total number of BS antennas, NNV, is 16, 32, 64, 128,

and 256.
o For the half-duplex system, the system configuration is
N X 4 in the downlink and N x 4 in the uplink.

o For the full-duplex system, the system configuration is

11/16N x4 in the downlink and 5/16N x 4 in the uplink.

Fig. 2(d) shows that extended RCI precoding achieves
higher sum-rate than the MF precoder. As the number of
BS antennas becomes large, the gain of full-duplex over
half-duplex communication is roughly equal to logQ(% f,o ),
which can be obtained using Eqgs. 11 and 12 with E,/Ny =
Ed/N¢ = E*/Ng.

We additionally compare the performance of our proposed
full-duplex system with a half-duplex system having 2 an-

tennas at the UE side. Since the UEs are typically limited

in size, we investigate different antenna spacings. Fig. 2(e)
shows the results of the scenario with a fixed total number
of BS antennas N. In the half-duplex system, the system
configuration is 128 x 1 or 128 x 2 for downlink and uplink.
In the full-duplex system, the system configuration is 88 x 1
for downlink and 40 x 1 for uplink. Fig. 2(f) shows the results
of the scenario with fixed ratio N,;/Ng = 5/11 in full-
duplex system. The number of BS antennas, N, is 16, 32,
64, 128, or 256. Our simulation results indicate that even with
2 antennas having 2\ antenna spacing at the UE side, a half-
duplex system still has lower sum-rate than the full-duplex
system. Moreover, 2-antenna half-duplex UEs (with 2 transmit
and receive chains) require more complexity than 2-antenna
full-duplex UEs (with 1 transmit and receive chains).

C. User-to-user (U2U) interference

The impact of the U2U interference on the full-duplex
system is considered next. The U2U interference is treated as
ZMCG noise with variance Ej. In the simulation, the U2U
interference-to-noise-ratio E;/N¢ is 0dB or 20dB, while
other simulation parameters are the same as the above 4 user
case. Fig. 2(g) shows that the sum-rate gain of full-duplex over
half-duplex increases as the number of BS antennas increases,
which renders full-duplex more robust to U2U interference.

V. SYSTEM IMPAIRMENTS

In this section, we investigate the effects of residual TX-RF
impairments (measured by the EVM) at the BS transmission
on the performance of the considered full-duplex system.

For large-scale MIMO, an increase in the number of BS
antennas N leads to a reduction in terms of the transmit power
of each BS transmitter due to the fact that we normalize
the transmit power using E?/N. As realized in [22], the
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Fig. 3. FD UL sum-rate degradation by residual TX-RF impairments (EVM)
at the BS. Note that increasing the number of BS antennas reduces the transmit
power per RF chain and, hence, the EVM; this reduces the sum-rate loss.

EVM reduces as the transmission power decreases, which is a
consequence of real-world RF chain designs [23]. With this in
mind, we can simulate the impact of BS transmission EVM on
the sum-rate. Because the residual self-interference due to BS
TX-RF impairments remains to be strong, passive suppression
methods as proposed in [20] are applied at the BS antennas
by cross-polarizing the BS transmit antennas and equipping
the BS receive antennas with (passive) RF absorbers between
the transmit and receive antennas. This passive suppression
approach can achieve up to 70 dB isolation gain [20]. The BS
transmission power, Eg, is fixed at 20 dBm and the noise floor
is assumed to be —90 dBm [9]. The number of half-duplex
UEs, U, is 4. The number of BS transmitters and receivers,
N, is 12, 18, 27, 43, 66, or 165.

For the full-duplex system, the system configuration is
around 11/16N x 4 for downlink and 5/16N x 4 for uplink.
The received uplink signal at E¥*/N} = 20 dB.

Fig. 3 shows that by increasing the number of BS anten-
nas the transmit EVM decreases; this, in turn, reduces the
sum-rate degradation caused by residual TX-RF impairments
dramatically. Hence, having more transmit antennas at the BS
is beneficial to reduce the residual TX-RF impairments.

VI. CONCLUSION

In this paper, we have investigated a combination of large-
scale MIMO with full-duplex transmission. To this end, we
have proposed two new self-interference suppression schemes,
which leverage the excessive degrees of freedom present in
large-scale MIMO systems. We have shown that the optimal
(in terms of the sum-rate) transmit-to-receive antenna ratio
at the base-station is approximately 1/3 in the high-SNR
regime. We have also shown that full-duplex transmission
can be made more robust against inter-user (or user-to-user)
interference, which inevitably occurs in multi-user (cellular)
communication systems. In addition, we have demonstrated
that the performance degradation caused by residual transmit-
side (TX) radio-frequency (RF) impairments can be mitigated
significantly, when jointly increasing the number of BS anten-
nas and by using passive antenna isolation methods.
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