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1 | INTRODUCTION

A number of requirements have been proposed to enable
fifth-generation (5G) mobile systems, which is the next
major phase of telecommunications standards, to realize the
5G vision for user experience and system performance [1,2].
The most important requirement is to support an extremely
high data rate as mobile data traffic continues to rapidly
increase owing to the increased availability of mobile smart
devices and the development of different application ser-
vices. To support the high mobile data traffic, researchers are
currently considering broadband transmission using millime-
ter-wave (mmWave) frequency bands, high spectrum effi-
ciency exploiting multi-input multi-output (MIMO) and full-
duplex (FD) transmission, and network densification using a
large number of access points such as small cells, relays, or
distributed radio units as key enabling technologies [3]. With
the increase of data traffic in mobile access networks, it is
also important to increase the backhaul capacity, which pro-
vides a connection with a core network. Unfortunately, the
use of optical fiber as in existing backhaul networks results
in implementation cost problems.

In this paper, we present a performance analysis of large-scale multi-input multi-
output (MIMO) systems for wireless backhaul networks. We focus on fully con-
nected N nodes in a wireless meshed and multi-hop network topology. We also
consider a large number of antennas at both the receiver and transmitter. We
investigate the transmission schemes to support fully connected N nodes for half-
duplex and full-duplex transmission, analyze the achievable ergodic sum rate
among N nodes, and propose a closed-form expression of the achievable ergodic
sum rate for each scheme. Furthermore, we present numerical evaluation results

and compare the resuts with closed-form expressions.

full duplex, large-scale MIMO, massive MIMO, mesh topology, wireless backhaul network

Recently, many works have focused on wireless backhaul
using the mmWave frequency band and large-scale MIMO
technology, with the aim of realizing cost-effectiveness, high
throughput, and low latency. References [4] and [5] present a
system scenario of cellular networks with a mmWave back-
haul link and an application of large-scale MIMO technology
for wireless backhaul links, respectively. The benefits and
challenges of a large-scale MIMO-based wireless backhaul
in heterogeneous networks are discussed in [6]. Reference
[7] derives theoretical upper and lower bounds on capacity,
and studies the scalability of wireless backhaul networks that
use the mmWave frequency band and large-scale MIMO.

There has also been research focusing on the utilization of
FD technology for the wireless backhaul. Reference [8] intro-
duces FD technology as a solution to enhance the throughput
for wireless backhaul networks, such as the FD relay in
mmWave backhaul links proposed in [9] and self-backhaul-
ing heterogeneous networks using FD capability, as proposed
in [10]. Reference [11] addresses self-interference (SI) miti-
gation, which is an important issue related to FD technology.

Moreover, it is necessary to support meshed and multi-
hop network topologies in order to overcome severe
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conditions that affect the mmWave frequency band such as
signal blockages or large attenuation, and to improve the
reliability and efficiency in the wireless backhaul network.
Reference [12] demonstrates the performance gain of the
mesh topology compared with the star topology.

However, existing works related to wireless backhaul
with mmWave and large-scale MIMO address primarily
backhaul links for small cells in heterogeneous networks,
and do not consider in detail the effects of interference,
especially SI and SI cancelation (SIC), depending on differ-
ent transmission schemes with respect to the use of FD
technology. Therefore, it is necessary to study transmission
schemes considering duplex transmission, and to analyze
the performance considering the effects of interference to
support general mesh topology for wireless backhaul net-
works with mmWave and large-scale MIMO.

We consider a general mesh topology as a simple connec-
tion of multiple groups with fully connected nodes, as illus-
trated in Figure 1. If FD technology is not employed,
orthogonal resources may have to be allocated in order for the
nodes in the group to avoid SI, which results in a decrease in
the spectral efficiency. If FD technology is employed, interfer-
ence increases proportionally with the number of nodes in the
group, which results in a decrease in the quality of the received
signal. Therefore, in this paper, we focus on fully connected N
nodes because the number of nodes that are fully connected is
the dominant parameter influencing the performance.

We consider a large number of antennas at both the
receiver and transmitter. For radio transmission, the main
challenge among fully connected N nodes is interference,
which degrades the spectrum efficiency and limits link con-
nectivity. To address the issue, we also consider large-scale
MIMO and FD.

The large-scale MIMO presented in [13] is an extreme
version of multi-user MIMO. For a base station with a
large number of antennas and a mobile station with a small
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FIGURE 1 Fully connected N nodes in wireless meshed and
multi-hop network topology

number of antennas, transmission and reception techniques
such as maximum ratio transmission (MRT), zero-forcing
(ZF), maximum ratio combining (MRC), and minimum
mean square error (MMSE) were studied in [13-15]. The
use of FD transmission is able to theoretically double the
spectrum efficiency between two nodes. There have been
many studies on the SIC technique because it is an essen-
tial approach to the theoretical bound on capacity [16-18].

The main contributions of this paper are as follows.
First, we investigate the transmission schemes to support
fully connected N nodes for half-duplex (HD) and FD
transmission. Then, we analyze the achievable ergodic sum
rate among N nodes for each scheme. Finally, we propose
closed-form expressions of an achievable ergodic sum rate
with approximations.

Throughout this paper, A := B denotes that by defini-
tion, A equals to B, a boldface uppercase denotes a matrix,
a boldface lowercase denotes a vector, [-]¥ denotes the
conjugate transpose, E[-] denotes the expectation, I
denotes the absolute value for a scalar or the number of
elements for a set, Il denotes the Frobenius norm,|-| and
[] denote the floor and ceiling, respectively, ,C; denotes
the number of k combinations from a given set of n ele-
ments, and I denotes an identity matrix.

Furthermore, we attach specific equations, namely, (1)
to (5), (12) to (16), and (30) to (34) at the end of this paper
owing to space constraints and readability.

2 | SYSTEM MODEL

2.1 | Transmission schemes for fully
connected N nodes

To support fully connected links among N nodes equipped
with a large number of antennas and operating in HD, we
first consider simple transmission schemes that exploit mas-
sive MIMO in cellular networks; that is, transmission over
a broadcast channel (BC) such as downlink (DL), or trans-
mission over a multiple-access channel (MAC) such as
uplink (UL). We define these as a BC-based scheme and
MAC-based scheme, respectively. However, because a
large number of antennas are available at both the receiver
and transmitter, we can anticipate the throughput enhance-
ment through the transmission over a K-user interference
channel (K-User IC). We define this as a K-UserIC-based
scheme. Furthermore, we can more efficiently support fully
connected N nodes by exploiting FD. We classify the trans-
mission schemes based on FD into two categories consider-
ing the spatial separation between the nodes, transmission
based on in-band full-duplex (IBFD) and transmission
based on space-division duplex (SDD). We define the for-
mer as an IBFD-based scheme and the latter as an SDD-
based scheme. For the IBFD-based scheme, a bidirectional
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FIGURE 2 Transmission schemes based on HD to support fully
connected N nodes: (A) BC-based scheme, (B) MAC-based scheme,
and (C) K-UserIC-based scheme

link is permitted between any pair of nodes; for an SDD-
based scheme, only a unidirectional link is permitted.

Consider a wireless system, as illustrated in Figure 2,
where the fully connected N nodes are equipped with Mt
and My antennas for transmission and reception, respec-
tively. For node index i =1,2, ... ,Nandj=1, 2, ...,
N, let x;;, H;, and n; be the transmitted signal vectors from
nodes i to j, MIMO channel matrix from node i to j, and
noise vector of node j. Furthermore, let f; and g, respec-
tively, be the precoding vector at the transmitter and com-
bining vector at the receiver for the desired signal from
nodes i to j. We assume that the channel H;;, where i is not
equal to j, is flat MIMO Rayleigh fading, and all channels
between any pair of nodes are independent and identically
distributed (i.i.d). If i is equal to j, then H; denotes an SI
channel. We also assume that the entries of noise vector n;
are zero-mean circular symmetry complex Gaussian
(ZMCSCG) distribution with a variance of &°. Finally, the
transmitted signal x;; satisfies E[xijxin] =1, and the trans-
mit power of each node is limited by P.

For the BC-based scheme illustrated in Figure 2A, one
node transmits the signal to (N — 1) nodes simultaneously.
The wireless resource is partitioned into NV, and is alternately
occupied by all nodes. The received signal at node j* is
expressed by (1) (see end of paper for (1) to (5)). For the
MAC-based scheme illustrated in Figure 2B, (N — 1) nodes
transmit the signal to one node simultaneously. The wireless
resource is partitioned into N, and is alternately occupied by
all nodes. The received signal at node j* is expressed by (2).
For the K-UserIC-based scheme illustrated in Figure 2C,
K nodes transmit the signal to (N — K) nodes simultaneously.
The wireless resource is partitioned into yCg, and is occu-
pied by all K combinations of the nodes in rotation. The
received signal at node j* is expressed by (3), where
K denotes the number of transmit nodes, which results in
(N — K) receive nodes. For the SDD-based scheme illustrated
in Figure 3A, for any pair of nodes, one node transmits the
signal to another. The wireless resource is partitioned into
two and the partitioned resources are used for bidirectional
communication between any pair of nodes. The received sig-
nal at node j* is expressed by (4), where St(j) and Sr(?)
denote the sets where the elements are the index of the
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FIGURE 3 Transmission schemes based on FD to support fully
connected N nodes: (A) SDD-based scheme and (B) IBFD-based scheme

transmit nodes whose receiver is node j and the index of the
receive nodes whose transmitter is node i, respectively. For
the IBFD-based scheme illustrated in Figure 3B, N nodes
transmit the signal to (N — 1) nodes simultaneously. The
wireless resource does not have to be partitioned. The
received signal at node j* is expressed by (5).

From (1) to (5), the interference is divided by the BC
interference term, MAC interference term, co-channel inter-
ference term, and SI term.

Although the number of transmit nodes for the K-Use-
rIC-based scheme, K, and the sets of transmit and receive
nodes for the SDD-based scheme, St(j) and Sg(i), have an
influence on performance, in this paper, we do not address
the optimization of the parameters. Rather, for simplicity,
for the K-UserIC-based scheme, we consider (N/2) as the K
value, and for the SDD-based scheme, we consider a ran-
domly selected link direction between a pair of nodes.

If the influence of interference can be ignored, for the
BC and MAC-based schemes, the transmission degree-of-
freedom (DoF) among fully connected N nodes is (N — 1).
For the K-UserlC-based scheme, the DoF is K(N — K),
which is maximized when K is (N/2). For the SDD-based
scheme and IBFD, the DoF is (N(N — 1)/2) and N(N - 1),
respectively. Thus, for a large N, the DoF of the K-UserIC-
based scheme is improved (/N/4) times compared to the BC
and MAC-based schemes. This is proportional to the num-
ber of nodes. However, the DoF of the SDD-based scheme
and IBFD-based scheme is improved two and four times,
respectively, compared to the K-UserIC-based scheme,
regardless of the number of nodes.

For the transmission schemes based on HD, that is, the
BC, MAC, and K-UserIC-based schemes, there may be a
link connection constraint due to SI. Furthermore, because
the number of partitioned resources depends on the number
of fully connected nodes, resource scheduling must change
based on N. For the transmission scheme based on FD, that
is, the SDD- or IBFD-based schemes, the number of parti-
tioned resources is independent of N, that is, two parti-
tioned resources for the SDD-based scheme and no
resource partitioning for the IBFD-based scheme. However,
SIC is essential for the transmission schemes based on FD.

For the SDD-based scheme, nodes with and without SIC
capability can coexist because SIC capability is not a
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requirement for all nodes. Furthermore, the interference envi-
ronment is favorable compared to the IBFD-based scheme.

2.2 | Maximal-ratio transmission and
combining

In this paper, we do not consider spatial multiplexing
MIMO between a pair of nodes because of the high direc-
tivity and insufficient rank of the MIMO channel in the
mmWave frequency band. Diversity or array gain is more
beneficial compared to spatial multiplexing in order to
overcome the large attenuation of the transmit power in the
mmWave frequency band. Furthermore, we consider the
MRT and MRC schemes for the transmitter and receiver,
respectively, because of their implementation simplicity,
that is, the lack of requirement for a matrix inverse opera-
tion compared to the ZF or MMSE schemes.

We assume that transmit and receive channel-state infor-
mation is available to the transmitter and receiver nodes,
respectively, without error. To maximize the received sig-
nal power, precoding vector f; for MRT and combining
vector g; for MRC between the transmit node 7 and receive
node j are given by f; = v;, and g; = u,-j,IH, respectively.
u;; . and v;; are the k-th column of U; and V;; obtained by
singular value decomposition (SVD) of channel H; as
H;, = U;Z;V,", where X, is the rectangular diagonal
matrix for which entries are the singular values in descend-
ing order. Thus, w;; and v, are, respectively, the left and
right singular vectors corresponding to the maximum singu-
lar value, and both IIf|I* and lig;|l* are equal to one.

2.3 | Self-interference and cancellation

SIC is an essential capability that supports FD operation
because the SI power is significant compared to the desired
signal. Many studies have focused on SIC. In general, SIC
techniques are classified into propagation-domain interfer-
ence suppression (PDIS) and analog and digital interference
cancellation (ADIC) according to the cancellation domain.

Using the channel estimation error model of [19], consider-
ing the SI channel estimation error, SI channel Hj.; is
expressed by Hj.» = (II-\I“ + \/EITIjxj*), where II-\Ij*j*, e, and
I:‘Ij* - denote the estimated SI channel, mean square error of the
estimation, and ZMCSCG noise with unit variance, respec-
tively. Thus, using the results of [20] and [21], the received
signal after the completion of PDIS and ADIC at the receive
node j* with one SI link owing to node j is expressed by

y/lx = \/ﬁH[*j*f,’*j*X,‘*j* + V KP@I’:Ij*j* fj*jxj*j + n;, (6)

where « denotes the SIC coefficient of PDIS. Although
there is a difference in the received signal expression

ETRI JournaWILEY——*

according to the SIC type, for simplicity, we used (6) as
the SIC model regardless of the cancellation type. Further-
more, we define the overall SIC coefficient y as y := «e.

3 | PERFORMANCE ANALYSIS

3.1 | Achievable ergodic sum rate

We derived the achievable rate using the Shannon formula,
log,(1 + SINR), where SINR is defined as SINR := Pg/(P; +
Pn). Ps, Py, and Py denote the desired signal power, interfer-
ence power, and noise power at the receiver, respectively.
Thus, from (1), (2), (3), (4), and (5), after completion of SIC
and MRC, that is, g, e y Iy the achievable ergodic sum rate for
BC-based, MAC-based, K-UserlC-based, SDD-based, and
IBFD-based schemes are, respectively, expressed by

ﬁsum =E |:Zj*;éi*10g2(1 + yi*j*,BC):I ) (7)
Naum = E [Zﬁﬁlogz (1+ Yi*f,MAc)] ) ®)

ﬁsum =E [Zi‘g KZj*>K10g2 (1 + }/i*j*,K—UserIC)} ’ (9)

Nsum = E [Zl Zj*esR(f)Ing(l + 7i*j*,SDD)} ;and  (10)

Nsum = E |:Zz Zj*;&i* log, (1 + 71‘*_1'*7IBFD)} ) (1D

where Vij* BC> Vi*j* MAC> Yi*j* K-UserlC> Vi*j* SDD> and Yi*j* IBFD
denote the effective signal-to-interference-plus-noise power
ratio for the BC-based, MAC-based, K-UserIC-based,
SDD-based, and IBFD-based schemes at the receiver,
respectively, and are given by (12), (13), (14), (15), and
(16) (see end of paper). p and w denote the average signal
to noise power ratio (SNR), which is defined as p := Pl
and the average SI to noise power ratio (INR), which is
defined as w = xP/az, per antenna, respectively. Further-
more, s, Qpc()y Quacl)s Lecly), and Q) are,
respectively, defined as follows:

Qs = g Hip iy, 17
Qpc(j) := g Hijo L), (18)
Quac(i) = g Hypfy, (19)

Qcc(i,j) := gy Hy- £y, and (20)
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Qse]f(j) = gi*j*ﬁj*j*fj*j' (21)
3.2 | Mathematical motivation for closed-
form expression

3.2.1 | Achievable ergodic rate

From Jensen's inequality, that is, for random variable X, if
fix) is a convex function, then E[{X)] < fE[X]), and the
achievable ergodic rate is bounded as follows:

log, (1 +E {(mw)l] _l> <E {logz (1 + p,'fmﬂ

<log, (1+E[32] ). @2

Furthermore, using the results of [22], for a large number
of transmit and receive antennas, the lower and upper
bounds of the achievable ergodic rate of (22) converge to
the same value. Thus, the achievable ergodic sum rate
approximates to

E[ENlogz(l + Plf_—SI,N” ~N10g2(1 + [P[H],N]) (23)

3.2.2 | Maximum singular value

Using the results of [23] and [24], the maximum singular
value a;;; of Hy, which is an Mg X My matrix, where the
entries are complex Gaussian random variables, is bounded by

2 2
a,-j,lzs( %—f;ﬂ) MToraij_12$< %—;H) Mg, (24)

and asymptotically approaches the bound for a large num-
ber of Mt or Mg. Thus, the expectation of the maximum
singular value a,j,]z approximates to

E[a1] ~ (VM + VM), (25)

The authors of [24] propose Mgr-Mr larger than 250 as the
large number.

3.2.3 | Expectation of interference power

Let v;; (m), u;j i (m), fim), and g;(m) be the m-th entries of
Vi Wi fj and g, respectively, where k=1, 2, ...,
M in, and M,,;, denotes the minimum value between My
and Mg. Furthermore, for v;;,(m) and f;(m), m =1, 2, ...,
My, and for u;; . (m) and g;(m), m =1, 2, ... , Mg.

For any k, v;im), u;i(m), fi{m), and g;(m) satisfy
S viaml =1,  Zlugml =1, ZMfmPF =1, and
Zmlg,-j(m)l2 = 1, respectively, because v;;; and u;; are singu-
lar vectors. Furthermore, v;;(m), u;;i(m), fi{(m), and g;(m)
also  satisfy E[Iv,-j,k(m)lz] = 1/Mn, E[Iu,»j,k(m)lz] = 1/Mg,
E[lf;(m)’] = 1/My, and Ellg;(m)I’] = 1/Mg, respectively,

because v;; i (m), u;; i (m), f;;(m), and g;(m) have the same prob-
ability distribution, and are independent of each other. Thus,
the expectation of the BC interference power is obtained by

g Hi frsf*| = E[ya,‘*f‘lv,«*jﬁle% i
= E |y B[ | S v a (s ()]
= Eavya|*|E[ 2o v 1<m>| ?[fisom)

:E[\aﬁﬁ,l Z}MTE[ -*»*,1(m)‘2}E[[f,-*j(m)|2}
S T S (R B

Similarly, the expectation of the MAC interference

power is obtained by
2
2 Mr
~ —+1]. 27
| (ﬂ/ it ) 27

Furthermore, using ZkE[Ia,-j’klz] = MMy because the
summation of the expectation of all squared singular values
is equal to the product of the number of transmit and
receive antennas, the expectation of the co-channel interfer-
ence power is obtained by

E[lg Hy £’ = E[[g Uy Ty Vi 5|

_E[}Zk 2V i Wi ke Vi ft/| }

= B[ (e Z g (g 1)
v |

|E[Z0 g Omug )]

E[S vy smpym) ]
21\ MR Mr
) st aae

=z (k]
-5t

My My
=MiMey o=t (28)

Similarly, the expectation of the SI power is obtained by
d

3.3 | Closed-form expression of achievable
ergodic sum rate

- 2
g Hjjr fj*j’ } =1L (29)

For a large number of antennas, using the approximation of
the achievable ergodic sum rate from (23), the approxima-
tion of the maximum singular value from (25), the deriva-
tion and approximation of the interference power from (26),
27), (28), and (29), the closed-form expressions of the
achievable ergodic sum rate for the BC-based, MAC-based,
K-UserIC-based, SDD-based, and IBFD-based schemes are
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given by (30), (31), (32), (33), and (34) (see the last page),
respectively. Note that E[ISR@*)I/ISR()I] = 1, E[ISr@*)/
ISk(HI] = 1, and E[ISg(i*)I]] = 1/2 because for the SDD-
based scheme, we consider a randomly selected link direc-
tion between a pair of nodes, as explained in Section 2.1.

4 | NUMERICAL RESULTS

In this section, we present the numerical evaluation results
of the achievable ergodic sum rate for each transmission
scheme to support fully connected links among N nodes.
This was obtained using Monte Carlo simulation, averaging
the achievable sum rate for the randomly generated channel
for 1,000 trials. Furthermore, we compared the results
using closed-form expressions. Note that we assume that
@ = 0 dB. This means that SI has been removed to a level
that is similar to the thermal noise. In Figures 4 and 5, the
results are, respectively, displayed for N =4 and N = 16
with Mt = M = 64. In Figures 6 and 7, the results are,
respectively, displayed for N =4 and N = 16 with My =
Mg = 256.

Let X and Y be independent random variables, and let ¢
be a constant value. For a high-SNR region and a small N,
the achievable ergodic sum rate and closed-form expression
can be simplified as E[log,(1 + ¢/X)] and logy(1 + ¢/E[X]),
respectively, because the expectation of the numerator is
considerably larger than that of the denominator. Thus, the
achievable ergodic sum rate is greater than the closed-
form expression, as observed in Figures 4 and 6, because
E[logx(1 + ¢/X)] > logy(1 + ¢/E[X]). For a high-SNR region
and a large N, the achievable ergodic sum rate and closed-
form expression can be simplified as E[logy(1 + Y/X)] and
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FIGURE 4 SNR vs achievable ergodic sum rate: simulations
(markers) and closed-form expressions (solid lines) for N = 4,
My = 64, Mg = 64, and w =0 dB
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FIGURE 5 SNR vs achievable ergodic sum rate: simulations
(markers) and closed-form expressions (solid lines) for N = 16,
Mt = 64, Mg = 64, and ® = 0 dB
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FIGURE 6 SNR vs achievable ergodic sum rate: simulations
(markers) and closed-form expressions (solid lines) for N = 4,
My = 256, Mg = 256, and w = 0 dB

logy(1 + E[Y/X]), respectively. Thus, the achievable ergodic
sum rate is less than the closed-form expression, as observed
in Figures 5 and 7, because E[logy(1 + Y/X)] < logy(1 +
E[Y/X]). However, the closed-form expression is more accu-
rate for a large number of Mt and My compared to N, and
there is a small difference between the achievable ergodic
sum rate and he closed-form expression for a low-SNR
region.

For the high-SNR region, the acceptable performance
was demonstrated in the order IBFD-based scheme, SDD-
based scheme, K-UserlC-based scheme, and BC/MAC-
based schemes. The BC-based scheme and MAC-based
scheme demonstrated virtually the same performance for
the high-SNR region. For the low-SNR region, the MAC-
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FIGURE 7 SNR vs achievable ergodic sum rate: simulations
(markers) and closed-form expressions (solid lines) for N = 16,
My = 256, Mg = 256, and w = 0 dB

based scheme demonstrated the best performance because
the transmit power of each node is limited by P; however,
there was only a small difference for the BC-based scheme.
For the low-SNR region, there was a minimal performance
gap between the IBFD-based scheme and SDD-based
scheme; however, even for the high-SNR region, the per-
formance gap decreased for a larger N. Furthermore,
although we assumed that SI was removed to a level simi-
lar to the thermal noise, the performance degradation
resulting from a shortage of SIC was more severe in the
IBFD-based scheme. Thus, the performance improvements
of the IBFD-based scheme compared to the SDD-based
scheme may not be as high as expected.

5 | CONCLUSION

In this paper, we investigated transmission schemes to sup-
port fully connected N nodes for HD and FD, analyzed the
achievable ergodic sum rate among N nodes, and proposed
a closed-form expression of the achievable ergodic sum
rate for each scheme.

We confirmed that the closed-form expression is almost
as accurate for a large number of Mt and Mr when com-
pared to N. Furthermore, we compared the performance for
each scheme. For a high-SNR region, an acceptable perfor-
mance was demonstrated in the order IBFD-based scheme,
SDD-based scheme, K-UserIC-based scheme, and BC/
MAC-based schemes. For a low-SNR region, the MAC-
based scheme demonstrated the best performance. Com-
pared to the SDD-based scheme, the performance improve-
ments of the IBFD-based scheme may not be as high as
expected according to the SIC performance.
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