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Abstract

As the amount of user equipment and massive volumes of data continue to increase, high data rate requirements remain a
major challenge, particularly in cellular networks. In networks composed of small cells, applying full-duplex (FD) millimeter
wave (mmWave) wireless backhauls is a more effective and convenient approach than utilizing conventional optical fiber
links. The mmWave communication technology is promising for future wireless communications due to its considerable
available bandwidth, which is the basis of a high transmission rate. However, the short wavelength of mmWave leads to
high propagation loss and shortens the transmission distance of the system. FD relaying can expand the coverage of the base
station and achieve higher spectral efficiency than half-duplex (HD) transmission. However, the residual self-interference
(SI) may degrade the performance of FD. The combination of mmWave and FD technologies compensates for the high
path loss and realizes efficient transmission. In this paper, we consider an FD mmWave relay backhaul system and the SI
of FD communication. We first propose an FD SI channel model in the mmWave band, which is composed of two parts:
line-of-sight (LOS) SI and non-line-of-sight (NLOS) SI. According to the special mmWave MIMO structure limitation, two
SI cancellation precoding algorithms are proposed to eliminate the SI in the system and achieve high spectral efficiency.
The decoupled analog-digital algorithm eliminates the SI by utilizing the zero space of the channel, and the enhanced
algorithm achieves higher performance. The spectral efficiency of the subconnected structure is analyzed. With appropriate
performance loss, the simplified structure achieves significantly low configuration complexity.

Keywords Millimeter wave - Full-duplex; precoding - Relay - Self-interference

1 Introduction

The large quantities of emerging media and devices lead
to massive data volumes and high data rate requirements.
According to [1], one-thousand-times greater capacity
will be needed in the next decade. Table 1 shows the
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enhancement of the next-generation capabilities from IMT-
2020 compared with IMT-Advanced [2]. The area traffic
capacity and peak data rate need to be increased dozens of
times. The most direct method to satisfy these demands is to
increase the spectral efficiency and the available bandwidth.

Millimeter wave (mmWave) communication can fulfill
the demand for a large bandwidth. In the mmWave band,
GHz of bandwidth is available, and a rate of 4.5 Gbps can
be realized in outdoor environments [3]. In addition, the
short wavelength of mmWave enables large antenna arrays
to be packed into a compact size. A narrow beamwidth is
also easier to obtain through the mmWave band. However,
the deficiency of mmWave is clear based on the Friis
transmission formula,

5\ 2
P (d) = PthGr(_> ™", (1
4

where P; denotes the received signal power and A denotes
the wavelength. The mmWave transmission experiences
severe pathloss because of its shorter wavelength. Moreover,
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Table 1 Enhancement of
capabilities from

Area traffic capacity

Peak data rate Spectral efficiency

IMT-Advanced to IMT-2020
IMT-Advanced

IMT-2020

0.1 Mbit/s/m?
10 Mbit/s/m?

1 Gbit/s 1x
20 Gbit/s 3%

the short wavelength of mmWave leads to a lower
drain efficiency of the power amplifiers, and the power
consumption in baseband (BB) processing is also higher
than that in the microwave band [4].

In contrast to conventional MIMO structures whose
signal processing is finished digitally at BB, the high
cost and power consumption make fully digital processing
in the mmWave band impractical [5]. A hybrid analog-
digital structure is a feasible approach to be adopted as
the mmWave MIMO structure. In the hybrid analog-digital
structure, the conventional fully digital processor is replaced
by a reduced dimension digital processor and a large-
scale analog processor that is composed of phase shifters.
However, the analog processor introduces new problems.
Both the magnitude and phase of the signal can be adjusted
by the fully digital processor, whereas only the phase of
the signal can be controlled by the analog processor. This
limitation makes the precoding of mmWave MIMO systems
difficult. Many precoding schemes have been proposed
based on such a hybrid structure. In [6, 7], beam-codebook-
based beam steering schemes are proposed to achieve
the beamforming of the analog precoders. An orthogonal
matching pursuit (OMP)-based spatially sparse precoding
scheme is proposed in [5]. By utilizing the scattering nature
of the mmWave channels, the precoding algorithm achieves
accurate approximation performance of the fully digital
structure through an iterative process. Then, the spatially
sparse precoding algorithm is extended to the amplify-
and-forward (AF) relaying system, which exhibits better
performance than the conventional beam steering method
[8]. An iterative hybrid precoding design is proposed in [9]
to minimize the weighted sum of squared residuals between
the optimal full-BB design and the hybrid design. A hybrid
precoding design with limited channel state information
is also considered in [10]. In [11-13], hybrid precoding
algorithms are proposed for multiuser mmWave MIMO
systems, showing that the sub-connected structure can
achieve a higher energy efficiency than the fully-connected
structure.

Full-duplex (FD) communication, which refers to trans-
mitting and receiving signals in the same band simultane-
ously, is also a promising technology for improving the
spectral efficiency compared with traditional time division
duplex (TDD) or frequency division duplex (FDD) trans-
mission. However, FD transmission can cause severe self-
interference (SI) from the transmitting node to the receiving

node. Although the state-of-the-art in SI cancellation has
made great progress, residual SI still exists [14]. Therefore,
residual SI cancellation is necessary in FD systems. FD
relaying is a prospective application in the cellular system,
which can strengthen communication links, improve system
throughput and extend coverage [15]. In addition, FD relay-
ing can reduce time delay and solve the problem of hidden
terminals.

According to the work in [16—18], FD can be realized in
the mmWave band. In [16], a 60 GHz CMOS FD transceiver
with a polarization-based antenna is achieved, with a total
SI suppression of > 70 dB. The SI in the 60 GHz band
is measured and analyzed in [17]. The results show that
narrow-beam antennas can effectively suppress the direct
SI. Increased antenna spacing and polarization isolation can
contribute to SI cancellation [18]. In addition, although
the direct SI can be eliminated through beamforming,
the reflected SI channel cannot be ignored. Based on the
measurement results, we propose an SI model that consists
of LOS SI and NLOS SI. The combination of mmWave and
FD technologies can achieve notable spectral efficiency and
throughput. Meanwhile, the FD relay expands the coverage
of the mmWave.

Few studies have been conducted on FD mmWave
relaying. In [19, 20], the energy efficiency of FD mmWave
relaying is presented. Both mmWave and FD are power-
consuming technologies, and the SI cancellation method
needs to be selected according to the system design. An
OMP-based FD mmWave precoding design is proposed
in [21], but the SI is neglected. The degree of freedom
is analyzed in the mmWave FD multiuser system with
partial channel state information at the transmitter [22].
The uplink channel and downlink channel are assumed
to be L-path poor scattering channels, but the SI is still
not taken into account. In [23], the SI is considered in
an FD mmWave base station. However, the SI is only
represented by an attenuation factor. In [24], a line-
of-sight (LOS) SI model is applied, and beam-steering-
based SI cancellation and constant-amplitude-constrained
SI cancellation beamforming schemes are proposed.

In this paper, we consider an FD mmWave relay backhaul
system with SI. The combined LOS SI and non-line-of-sight
(NLOS) SI FD mmWave SI channel model is proposed first.
The LOS SI is the direct link from the transmit antenna
to the receive antenna. The NLOS SI is the reflected SI,
which is different from microwave band systems. Then,
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a low-complexity decoupled analog-digital SI cancellation
precoding algorithm and an enhanced SI cancellation pre-
coding algorithm are proposed to eliminate the SI and
increase the spectral efficiency of the system. Combined
with the zero space SI cancellation scheme, the decou-
pled analog-digital algorithm can significantly eliminate the
SI. Compared with half-duplex (HD) transmission, the FD
mode can achieve higher spectral efficiency. The enhanced
algorithm can achieve higher spectral efficiency, while the
decoupled analog-digital algorithm can eliminate the SI
with lower computational complexity. The spectral efficien-
cies of the fully-connected system and the sub-connected
system are analyzed. The sub-connected structure reduces
the configuration complexity of the hardware components,
which also leads to lower spectral efficiency.

The remainder of this paper is organized as follows. In
Section 2, we present the system model of the FD mmWave
relay backhaul system. The clustered mmWave channel and
direct link combined FD mmWave SI channel model is
proposed. Then, two SI cancellation precoding algorithms
are proposed in Section 3. The precoding algorithm for
the sub-connected structure is also proposed. In Section 4,
the numerical results of the SI cancellation algorithms are
presented. Finally, conclusions are drawn in Section 5.

Notation In the following, bold lowercase and uppercase
letters denote vectors and matrices, respectively. AH denotes
the conjugate transpose of A. E[-], diag (-), o0, | - |and || - ||
denote the expectation, diagonal matrix, Hadamard product,
determinant, and F-norm, respectively.

2 System model

In this section, we present the system model of the relay
backhaul shown in Fig. 1. In addition, the combined LOS
and NLOS FD mmWave SI channel model is proposed.
The system is composed of three nodes: a source, an
FD mmWave relay and a destination. The source is the
macrocell base station, and the destination can be a small
cell base station. There is no direct link between the source
and destination due to the high path loss of mmWave. As
shown in Fig. 1, each node adopts a hybrid analog and
digital precoding structure. The source node is equipped
with Nt transmit antennas with Nrps RF chains, and
the number of data streams is Ng. To realize multistream
transmission, the number of RF chains and antennas
satisfies N < Nrps < Nrt. The numbers of antennas,
RF chains and data streams of the relay and destination are
defined in the same way. It is assumed that each MIMO
antenna system adopts the hybrid analog-digital architecture
shown in Fig. 1. In contrast to the conventional fully digital
structure, RF chains are configured between the digital

@ Springer

processor and antennas. In this system, each RF chain
is connected to all antennas via phase shifters, which is
regarded as a fully-connected network.

Then, the Nt x 1 transmitted signal of the source can be
expressed as

Xs = WRFWBBSS» (2)

where WrF is the Nt x Nrrs RF precoding matrix, Wpp is
the Nrps x Ns BB precoding matrix, and sg is the Ng x 1
transmitted data, which satisfies E[sssIS'I] =Iyg. The power
constraint of the source node is ||WRFWBB||}2: = Ns. The
signal is transmitted to the relay, and the received signal at
the relay is

¥Yr = Hsrxs + Hgixg + ng, (3)

where Hgr denotes the ng x Nt channel matrix from the
source to the relay, Hsy denotes the SI channel of the relay,
xR denotes the ng x 1 transmitted signal of the relay, and
ng denotes the ng x 1 noise vector with i.d.d. CA (0, 01%)
at the relay. The first term is the desired signal from the
source, and the second term is the SI from the transmit node
of the relay. After receiving the signal from the source, the
transmitted data of the relay can be expressed as

SR = FgBRFgFRYR’ 4)

where Frer and Fggr denote the ng x Nrpr and NRgr X 11
RF and BB precoding matrices of the relay receive node,
respectively. The transmitted signal at the relay is

xR = FrrrFBBTSR, )

where Frer and Fgpt denote the nT x Nrpr and NRgT X ns
RF and BB precoding matrices of the relay transmit node,
respectively. The transmit power constraint of the relay node

_ 2
is |Fr(1s— F{HstPr) ™' Fil (Horxs +ng) | =ns. Substitut-

ing Egs. 3 and 5 into Eq. 4, we can obtain the transmitted
data of the relay as

sr = (I — FHpp FR He FrerFapT) ~ Fhpr Fhg (HsrXs 4 nR),

(0)
The received signal at the destination can be written as
¥p = HrpXRr + np, (7

where Hgrp denotes the Ng x nt channel matrix from the
relay to the destination and np denotes the Nr X 1 noise
vector with i.d.d. CN (0, 0[2)) at the destination. Finally, the
received data of the destination can be expressed as

sp = GppGrpYp = GppGRrpHrOXR + GRpGRrpnp,  (8)

where Grr and Ggg denote the Ng X Nrgp and Nrgp X
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Fig.1 System model

np RF and BB precoding matrices of the destination,
respectively. The spectral efficiency of the system is given
by
— —1
R =log, [Ins + 7R, [6"HRoFr (1 — FiHsiFr) " FifHsx W]
H H —lgH H
[G HrpFr(l,s — FiHgFr) FRHSRW]
®
where W = WrpWgp, Fr = FrrrFBBT, FR = FRERFBBR.
G = GgrpGsgp, and the effective noise of the system is
written as
-1
R, =07 [ (G"HroFr (1 ~F{HsiFr) 'FY )
_ H
(G"HroFr (1, ~FiHsiFr) "' FY) +G“G]
For HD transmission, the spectral efficiency of the system
is expressed as

1
R = Elogz INS

1 —1
+—R,

H
< [G”HRDFTF‘R’HSRW] [G“HRDFTF{;‘HSRW] ' ,
S

10)

where effective noise is R, = anz[(GHHRDFTFE)
1
2

(G"HroFrFY)"+GHG |, the SI of the set o 0 and
denotes the orthogonal time transmission loss.

2.1 mmWave channel model

The short wavelength makes mmWave different from a
traditional MIMO system. As illustrated in [3], its short
wavelength leads to a significantly high path loss. The
short wavelength also enables large numbers of antennas
to be packed into a small volume, which causes higher
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antenna correlation and creates sparse scattering channel
environments. Based on the Saleh-Valenzuela model [25],
the clustered mmWave channel is described as the sum of
N scattering clusters, each of which consists of Npan
propagation paths [5, 26, 27]. The channel matrix H can be
written as

N.N. Nen Npath
H= [T PR RN AT
NcluNpath ; ; NS

where N; and N; are the numbers of transmitting and
receiving antennas of the corresponding channel and «;;
is the complex gain of the /-th path in the i-th scattering
cluster. The functions W(¢;,) and \I!,(qbl?l) represent the
normalized receive and transmit array response vectors. The
angles ¢!, and ¢}, are the azimuth angles of departure and
arrival, respectively. ¢;; is the complex Rayleigh channel
coefficient, which satisfies CA/ (0, aji), where a‘fl. denotes
the average power of the i-th scattering cluster. The array
response function is determined by the structure of the
antenna array configuration. For a uniform linear array
(ULA), the function can be expressed as

an

JN

WuLa(d) = [1’ ol Frdsin(@) ___’ejo”(Nfl)dsin@)]T’

12)

where d is the interelement spacing and A is the carrier

wavelength. The angles are randomly distributed and satisfy
a Laplacian distribution, which is expressed as

_ |20

Le ‘ %% ‘

Toow ifp € [—m, )

0 otherwise,

Po(¢) = (13)
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where 8 = 1/(1 — e’ﬁ”/%) and oy is the standard
deviation of the power azimuth spectrum. The sequential
summation in Eq. 11 can be rewritten in matrix form as

New
H= ZA;A,-(Ag)H = AT AA, (14)
i=1
where A7 = [V}, W], .. q’ieram I AL = [, wl,
! Npath ], and the coefficient matrix A; = diag[ya;
YUi2 ... YNy |- The matrices A", A and A are
composed of A7, A; and Al in the same way.

2.2 mmWave S| channel model
In contrast to conventional microwave systems, FD

mmWave transmission can receive NLOS SI because of its
high beamforming gain. In addition, the LOS SI also needs

to be considered. Therefore, the SI of the FD mmWave
relay is composed of two parts: LOS SI and NLOS SI. The
NLOS SI results from reflection from nearby obstacles. We
assume the same clustered mmWave channel with an inten-
sity coefficient of nNpos. The LOS Sl is the direct link from
the transmit antennas to the receive antennas, which can be
modeled as a near-field model. We adopt the transmit and
receive antenna configuration shown in Fig. 2. The angle
between the ng x 1 ULA and ny x 1 ULA is ¥. The dis-
tance between the mth antenna of n g and the nth antenna of
nrt is dyy,, and the corresponding included angles are 6,,,
and ¢,,,. The distance between the adjacent antennas within
aULAisd = ’%, and the initial distances are ag and bg. The
coefficient of the channel element is

KL = qred F (15)

where « is the normalization coefficient and the distance
dpy, 1s expressed as

dmn:\/[ao+(m—1>d]2+[bo+<n— 1dT* —2[ag+(m—1)d][bo+(n—1)d] cos . (16)

The SI channel matrix is written as
Hios = [ (@) ] o B, an
where the antenna array response vectors of the receive and

transmit arrays are oS = [le/ 55 Sin0r o/ 55 (k=D singr | H

nd 2nd .
and oS = [1 ¢/ TS0 QS =Dsing )l gng g
= {h,snln|n = 1,...,nr,m = 1,..,ng}. The operator o

denotes the Hadamard product, which takes two matrices
of the same dimensions and multiplies the corresponding
elements of the two matrices. Finally, the FD mmWave SI
channel can be expressed as

Hs; = nLosHros + nnLosHNLos, (18)

where npos denotes the intensity coefficient of the LOS
channel portion.

3 FD mmWave relay precoding design

In this section, to realize low complexity and a low
processing delay, we propose a decoupled analog-digital
SI cancellation precoding algorithm. In addition, the
MIMO architectures of fully-connected and sub-connected
mmWave structures are analyzed.

The aim of the precoding design is to maximize the
spectral efficiency in Eq. 9 by designing all the matrices
Wsgs, WRrr, FeT, Frrr. FBBR, FRFR, GBB and Ggrr.
Combining with the constraint conditions, the problem can
be expressed as

_ —1
R=log, ‘INSJF AR [GHHRDFT (L,s— FHHg Fr) FPRIHSRW]

max _ H
WrFrG [ GMHroFr (i — FiHsiFr) ~ FiHgrW| '
IWrrWas||E = Ns
H —l-H 2
s.t. HFT(InS — FRHgiFr)  Fg (Hsrxs + HR)‘ =

19)

ns

WRrF € WRF, Frer € FRFT, FRER € FRFR; GRF € ORF,

where HFT(InS — Fi'Hg Fr) ' FH (Hgpxs + ng) Hi = ng
denotes the power constraint at the relay and
||WRFWBB||12: = Ng denotes the power constraint at the
source. YWRE, FRET, JRER, and Ggrg are the feasible sets
of the RF precoders, which denote the sets of matrices

@ Springer

with constant-magnitude elements. The constraint results
from the limitation of the phase shifters, which can only
adjust the phase of each coefficient as {Wgrr};; = et
Vi e{l, .., Nt},Vj €{l,.., Nrrs}.
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Fig.2 FD LOS SI model

3.1 Decoupled analog-digital SI cancellation
precoding design

The specific structure of mmWave that leads to the non-
convex limitation of RF precoders makes the optimization
problem intractable. We propose a decoupled analog-digital
SI cancellation precoding algorithm in which the RF pre-
coders and BB precoders are designed separately. The pre-
coding design is divided into two parts: analog precoding
and digital precoding. The entries of RF precoders can only
change their phases with constant magnitude because of the
structure of the phase shifters. Therefore, the ability of RF

precoders is limited.

The RF precoders are designed to enhance the desired
channel in the channel matrix by choosing the phases of
the conjugate of the channel. Then, the interference is
eliminated through BB precoding design, and the SI is
considered at the same time. The precoding designs of Wgg,
WrE, Fggr and Frgr are on the basis of Hgg. The channel
state information Hgg is an ng x Nt matrix, and the RF
precoder of the source Wrp is an N1 x Nrps matrix. We
choose the phases of the first Nrps row vectors of Hsr
as the RF precoder. The precoding matrix WRrg can be
expressed as

ol (Cargi$Ry) - (—arg(hSR) JUCE )

W ol (CargSR)  j (—arg(hSR) o e o))
RF= )

SR )

'_,'SR -_,.SR ' P .
SR jagBSR ) il

(20)

where hl.SjR denotes the ith row and the jth column of the

channel matrix Hggr and arg(hiSjR) denotes the phase of the
corresponding entry. Then, we obtain the nr X Ngrrs partly
equivalent channel Hsreqt = HsrWrr. The RF precoder
Frrr can be obtained by utilizing the phases of Hggreqt
without changing the position of the entries as

. SReqt, . SReqt ; SReqt
o arghy Ny pjarg(ny ) o gdare(yyepe)
X SR . SR . SReqt
ol arg(hy ) pjarg(hyy ) | Aoy ee)
FRFR: . . . ’
. SReqt . SReqt . SReqt
e] arg(han ) e] arg(h"R2 ). e/ arg(h”RNRFR)

2y

where h,s,,ljleqt denotes the entries of the partly equivalent
channel. After designing the RF precoders, we can
obtain the Nrpr X Ngrgs equivalent channel Hgreq =
FEFRHSRWRF. The BB precoders are designed based on the
equivalent channel through singular value decomposition
(SVD). The SVD of the equivalent channel is written as
Hsreq = UsreqXSReqVsreq. and the BB precoders Wgp
and Fppr can be obtained by taking the corresponding
column vectors as

WgB = Vsreq(:, [1: Ns])

22
FgBr = Usreq(:, [1 : ns]). (22)

Similarly, the RF and BB precoders FgpT, FrrT, GBB and
GRrr can be derived by following the above steps with the
channel matrix Hgp.

However, the SI is not eliminated. As illustrated in
Eq. 9, the term that relates to SI is written as (I,; — File
FEFRHSIFRFTFBBT)_I. The aim of SI cancellation is to
design the precoding matrices and eliminate the SI such that
FEBRFEFRHSIFRFTFBBTzo. To eliminate the interference,
the BB precoder FgpT needs to be redesigned to utilize the
zero space of the SI channel. The analog equivalent channel
Hspeq can be expressed as

Hsreq = Fhrr HsiFRET- (23)
The SVD of the equivalent channel can be expressed as
HSqu = USqu 2:SquVSqu = USqu ESqu[VéquV(S)qu]s (24)

where Uspeq is the left-singular matrix, Xgpeq is the singular
value matrix, and Vspeq is the right-singular matrix. Véleq

and Vgleq are the right-singular vectors corresponding to
nonzero and zero singular values, respectively. In order to
ensure effective SI cancellation through utilizing the zero
space, the number of RF chains and data streams of the relay
has to satisfy the inequality NrRrr > NRpr + ns, namely,

the transmit node needs at least ng more RF chains than the
receive node. Then, we have

HsieqVijeq = 0. (25)

Additionally, FgpT can be decided by choosing the column

@ Springer



1422

Mobile Netw Appl (2018) 23:1416-1426

vectors of V(S)qu that satisfy its dimension requirement.
Finally, the power constraint in Eq. 19 needs to be satisfied.

The complete description of the designed algorithm is
shown in Algorithm 1. The last two steps, 11 and 12, are the
power constraint computation. Note that the precoder of the
destination can be obtained by utilizing the same method in

steps 1-6.

Algorithm 1 Decoupled Analog-Digital SI Cancellation
Precoding Algorithm

Input: Hgj, Hsg, Hrp
Output: Wgg, WrF, Fepr, Frrr, FBT, FRFT

i(—arg(hSR)) . .
1 w?f:e“ arg( -7’)),1 = 1,,..,NT,]= 1,,..,NRF5;
2 Hsregt = HsR WRF;
RFR j arg(hSRet)
o=/ 88 ) iy =1, ng,n=1,..., NRFr;

5 Wgp = Vsreq(:, [1: Ns]);
Fper = UsreqC:s [1 : n5]);
i p RD
7 l/}}qFT = e/(fdrg(hlll’ )), p=1,....,nrq =1,..., NRFT;
8 Hsieq = Fipg HsIFRET;
9 HSqu = USquZSquVSqu;
10 FpT = Vsieq (i, [VRFR @ NRER + 715]);
_ Wgp .
1 WBB = VNS 1w WegTr -
12 Fgpr =
nb‘

3
4 Hsreq = Fl}—{IFRHSRWRF;
5
6

Fgpr .
- >
‘FRFTFBBT (I*FEBRFEFRHSIFRFTFBBT) h‘"EBRFEFR (Hsr WRrWaBS+ns) ”F

3.2 Enhanced decoupled analog-digital SI
cancellation algorithm

In section III A, the RF precoders are designed at
the transmitting end, and the first Nrp row vectors of
the channel matrix are chosen. In this section, a joint
transmitting and receiving precoding design is proposed to
further improve the performance.

First of all, the channel matrix Hgr can be denoted in
vector form as HSR:[ h?R th . thR ]T, and the aim of
RF precoding design is to choose Nrps vectors from the
nR row vectors. The Nrps vectors are chosen by comparing
the values of the diagonal elements of the matrix HSRHgR.
The largest Nrrs diagonal elements and the corresponding
vectors are chosen. However, the order of the chosen
vectors is not decided by the diagonal elements. It is
determined by the singular value of the equivalent channel
Hsgreq = FEFRHSRWRF. The precoding design is illustrated
in Algorithm 2. In step 1 and step 2, the Nrps vectors
are chosen as a basic set of the RF precoder. The singular
values of all the permutations of the set are computed in the
loop iteration. Both the transmitting RF precoder and the
receiving RF precoder are designed, and the combination
with the maximal X is the desired precoding matrix. The
BB precoding design can be obtained by applying SVD and
the zero space scheme.

@ Springer

Algorithm 2 Enhanced Decoupled Analog-Digital Algo-
rithm
Input: Hsr
Output: Wgrr
1 Dy = argmax diag(HSRHglR);

(nyec)
2 WRFset = HSRVSC >
3 fori =1 : Ngrrs! do
Ll .
4 WREtemp = WRFset’
5 Hsreqt = HsrR WrFtemps
SReqt

6 RFRtemp — ej arg(hyn ) -
mn - B

H .
7 Hsreq = FR]:RtempHSRWRF temp

8 UsReq ZSReq VSReq = HsReqs
Ng )
9 2,’ = knl GSqu,k;

10 n = argmax x;
[n] .
11 Wrr = Wppep

3.3 Precoding design for sub-connected structure

The mmWave communication is a power-consuming
technology. The short wavelength of mmWave leads to a
lower drain efficiency and higher power consumption in
circuits. The hybrid analog and digital structure in Fig. 1
is an alternative solution for the expensive and power-
consuming fully digital structure. The hybrid structure can
be further simplified to a sub-connected structure, which
is shown in Fig. 3. The precoding algorithm for the
subconnected structure is proposed in this section.

As shown in Fig. 3, each RF chain is connected to all
the antennas in the fully-connected structure. However, the
sub-connected RF chain only connects a small group of the
antennas, and each group contains M = Nt /NgRF antennas.
The difference between these two structures can be revealed
in the formation of the RF precoding matrices. The RF
precoder of the sub-connected structure is written as

Wi 00

Wgrr= | WI?FZ S (26)
0 0 owiy
sub

where wpp; denotes the M x 1 precoding vector of the

ith RF chain. Compared with the precoding matrix of the
fully-connected structure in Eq. 20, most of the entries in
Eq. 26 are zeros. The RF precoding designs of the precoding
vectors are expressed as

. SR
wik = M) (G (G- V)M+1,..., jM; j=1,..., Nrp)
27

sub . : sub
where wpg; ; denotes entries of the precoding vectors Wy .

Therefore, there are only Nt nonzero entries in the matrix,
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which will cause a performance loss compared with the
fully-connected structure. However, the simplified structure
is equipped with less phase shifters and power amplifiers,
which can decrease the hardware design complexity. For
both of the structures, the numbers of phase shifters, power
amplifiers, splitters and combiners are expressed as

Npa_futy = Nt (Ngp + 1)
Nps_fuily = NTNRrFp

Npa_sub = N1
Nps_sup = Nt

Ns/c_fuy = Nt Nsjcsub =0 (28)

where N7 denotes the number of antennas and Ny g denotes
the number of RF chains. Npa_rui1y and Np g g denote the
numbers of power amplifiers of the fully-connected struc-
ture and sub-connected structure, respectively. Nps_ruiry
and Npgs_sup denote the numbers of the phase shifters of the
structures. Ng;c_fuiry and Ng;c_sup denote the numbers of
splitters or combiners of the two structures. With a large
number of antennas, the sub-connected structure can save a
great quantity of hardware components.

4 Numerical results

In this section, the numerical results are presented to show
the performance of the decoupled analog-digital SI can-
cellation precoding algorithm and the enhanced decoupled
analog-digital precoding algorithm. The influence of dif-
ferent hardware structure parameters is analyzed based on
the algorithm. In addition, the spectral efficiencies of the
fully-connected and sub-connected structures are discussed.

We assume that the channel has N, = 3 scattering
clusters with Npam = 10 paths per cluster. And the complex

|
|
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Idl : ° | , ?
RF' i - : Base RF I
[ ° . u S e
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e Y e N I
. v . | Band . Loe s
. | o . . 0 | o .
s : oo
7 A : :_QL:j
© |
| . |
RF [igm || wer | R g
. o | . . .
Chain |} & BB Chain |12 )
N, | ! N |
o il 7sub
SRF WRlll? NT SRF W;l]l: NT

gain o, satisfies CA(0,1). A ULA with interelement
spacing d = % is assumed. The bandwidth of the system
is 2 G Hz with a central carrier frequency f, = 60 GHz.
The MIMO system configuration of the hybrid analog-
digital structure is Nt = 32, Nrg = 4 and Ns = 2. For
simplicity, we assume that aé = O’l% = 61% = o2, and the

signal-to-noise ratio (SNR) is defined as SNR = Ng /02.

4.1 Decoupled analog-digital Sl cancellation
precoding algorithm

Figure 4 presents the results of the decoupled analog-digital
SI cancellation precoding algorithm and the enhanced pre-
coding algorithm. The red lines show the performance of
HD and FD in ideal conditions, where the SI is assumed
to be perfectly eliminated. Compared with the HD commu-
nication system, the FD relay can achieve approximately
two-times greater spectral efficiency. However, the exis-
tence of SI causes a serious performance loss for the FD
system, which leads to worse spectral efficiency than the
HD system. The blue lines show the performance of the SI
cancellation scheme. It can achieve high spectral efficiency
with only a slight performance loss. The green line repre-
sents the enhanced algorithm, which realizes higher spectral
efficiency than the original algorithm. The proposed algo-
rithms can effectively eliminate the SI and help the FD
system achieve higher performance than the HD system.

In Figs. 5, 6 and 7, the influence of different structure
parameters is considered. In Fig. 5, there are three different
configurations, A, B and C, on the number of data streams
Ns, the number of RF chains Nrr and the number of
antennas Nt. Configuration A is equipped with Nt =
32 antennas together with Ngp = 8 RF chains and

@ Springer
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Fig. 4 Decoupled analog-digital algorithm and enhanced decoupled
analog-digital algorithm

Ns = 3 data streams, which is written as (3, 8, 32).
Configurations B and C are (3,8,64) and (3,8, 128),
respectively. Each configuration contains two conditions:
FD in ideal conditions and the SI cancellation scheme.
With a large number of antennas, the spectral efficiency
is significantly improved. Compared with configuration
A, the gap between the two conditions is reduced in
configuration C. Figure 6 shows the spectral efficiencies
of the relay system with different numbers of RF links.
Configurations A, B and C are (3,4, 64), (3,8, 64) and
(3, 16, 64), respectively. The results show that the number
of RF chains has little influence on the spectral efficiency,
even if more RF chains can achieve higher performance. In

30 ‘ . . : . .
—-%---FD DAD A
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25 [| =-%--FDDAD B -
—A— FD with SIC B :

~-%--FDDAD C
—#4— FD with SIC C
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SNR (dB)

Fig. 5 Spectral efficiency comparison with different numbers of
antennas
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Fig. 6 Spectral efficiency comparison with different numbers of RF
links

Fig. 7, the spectral efficiencies of different numbers of data
streams are presented. The configurations A, B and C are
Ns = 1, Ng = 2 and Ns = 4, respectively. With more data
streams, both the spectral efficiency and the growth trend
increase.

4.2 Spectral efficiency analysis for sub-connected
structure

The spectral efficiencies of the fully-connected and
sub-connected structures are shown in Fig. 8. Both
ideal conditions and SI cancellation performance of the
sub-connected structure are presented. The simplified

25 ‘ . : . : : :
--p—-FDDAD A o
—A— FD with SIC A :
--p--FD DAD B
20 - | —A— FD with SIC B $ 1
- FDDAD C ;
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Spectral Efficiency (bps/Hz)

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0
SNR (dB)

Fig. 7 Spectral efficiency comparison with different numbers of data
streams
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Fig. 8 Spectral efficiencies of fully-connected and sub-connected
structures

antenna configuration decreases its performance, and it can
achieve approximately half the spectral efficiency of the
fully-connected structure.

In Fig. 9, three groups of results are presented to show
the effects of the parameter Nt. Configurations A, B
and C are (3, 8, 16), (3, 8, 32) and (3, 8, 64), respectively.
The gap within the group increases as the number of
antennas doubles, which can be explained by Eqgs. 26 and
28. Moreover, the spectral efficiency of the sub-connected
structure increases slowly with a large number of antennas
compared with the fully-connected structure.

25 T T T T T
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Fig. 9 Fully-connected and sub-connected structures with different
numbers of antennas

5 Conclusions

In this paper, we propose an LOS SI and NLOS SI
combined FD mmWave SI channel model in an FD
mmWave relay backhaul system. Then, a decoupled analog-
digital SI cancellation precoding algorithm and enhanced
SI cancellation algorithm are proposed to eliminate the SI
in the system. Compared with HD transmission, the FD
mode can achieve higher spectral efficiency. The decoupled
analog-digital algorithm can eliminate the SI and achieve
near ideal performance. The enhanced precoding algorithm
can achieve higher performance by increasing complexity.
The sub-connected structure is also analyzed. With a large
number of antennas, the sub-connected structure can realize
a low hardware complexity design. However, the spectral
efficiency of the simplified structure is limited.
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