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ABSTRACT Hybrid precoding has emerged as a promising technique to reduce the hardware cost and com-
plexity in millimeter wave (mmWave) massive multiple-input multiple-output (MIMO) systems. However,
due to the drastic increase in the number of user devices and higher data rate demand, new frequency bands
(i.e., terahertz (THz) communications) are needed to explore. At THz frequencies, the precoding technique
can provide a large beamforming gain, but still, the blockage and high path-loss remain a significant
problem. To overcome the blockage problem, in this paper, we introduce the two-way relay design where
the well-known two-way amplify-and-forward (AF) relay in THz-MIMO orthogonal frequency-division
multiplexing (OFDM) systems is employed. The optimal two-way relay hybrid precoding problem is
non-convex due to the practical hardware constraints (i.e., unit-modulus and block-diagonal constraints).
To solve this problem, we first propose to use mathematical manipulations to remove the block-diagonal
constraints from its analog part and then reformulate the original two-way relay hybrid precoding problem
into a quadratic-convex problem with only power constraint. Finally, we obtain the closed-form solution
for the two-way relay hybrid precoding problem. Simulation results reveal that our proposed solution can

achieve better sum-rate and energy efficiency than existing hybrid schemes.

INDEX TERMS Terahertz communications, massive MIMO, hybrid precoding, two-way relay.

I. INTRODUCTION

The increasing user device trends have been observed in
the present decade which may imply the congestion in the
sub-6-GHz and millimeter-wave bands [1]. Therefore, tera-
hertz (THz) communications (0.1 — 10 THz) can be a promis-
ing candidate in the future fifth-generation (5G)-beyond
and sixth-generation (6G) wireless networks to enable multi
gigabits per second (Gbps) transmission [2]. However,
as the wavelength of carrier frequency decreases, the signals
at THz frequencies may suffer more severe attenuation and
blockage due to high oxygen absorption, high penetration
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loss, and large free-scale path loss [3], [4]. One advantage
of the small wavelength is that it enables a large number
of antennas to be packed in a very small physical dimen-
sion at the transceiver. Massive multiple input multiple out-
put (mMIMO) can be helpful to tackle the blockage effect
by providing high beamforming gain, but still, THz commu-
nications are very sensitive to blockage and expected to be
deployed in line-of-sight (LoS) dominant scenarios [5].

To solve the blockage problem at THz frequen-
cies, the relay can play an important role. In relay-
assisted THz communication, the channel from source to
the relay and the one from the relay to the destination is
LoS dominant [6]. However, the power limitation at the
relay restricts the use of classical fully-digital precoding [7].
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To this end, the recently proposed hybrid precoding can
reduce the overall hardware complexity by utilizing less
number of required RF chains [8]. Most of the recent works
on THz-communications considered the direct link between
the base station (BS) to the user equipment (UE), which is not
practical due to the very short wavelength of THz communi-
cations. Therefore, it is crucial to consider the relay-assisted
THz-MIMO OFDM system to increase the transmission
reliability and coverage area at THz communications [9].

A. RELATED WORK

The usage of relay in wireless system has already been
proposed in the literature for various communication sce-
narios including device-to-device communication [10], cel-
lular communication [11], [12], indoor applications [13], and
mmWave massive MIMO systems [14], [15]. In the context
of THz-communication, very recently the authors in [16]
proposed the hybrid precoding design for the fully-connected
and the sub-connected architectures in THz wireless sys-
tems. It was shown that sub-connected architecture has a
better performance in terms of energy efficiency compared
to fully-connected architecture. Further, in [17], an efficient
hybrid precoding scheme with antenna subarray selection and
adaptive power allocation is proposed. Likewise, the authors
in [18] investigated the indoor THz wireless system and
provided useful insight for designing the antenna subarray
at THz communications. Although, [16]-[18] provides the
thoughtful guidelines for hybrid precoding problem in THz
communications however THz systems are anticipated to
be deployed in wideband channels with frequency selectiv-
ity [19].

Likewise, based on the mmWave massive MIMO relay
scenario, the relay systems can be divided into amplify-
and-forward (AF) and decode-and-forward (DF) relay sys-
tems. For the DF relay, to mitigate the self-interference (SI),
a zero space SI cancellation algorithm and an orthogonal
matching pursuit-based SI-cancellation precoding algorithm
is proposed in [20] and [21], respectively. Further, in [22],
the authors have proposed a mixed-connected structure relay
system to compromise power consumption and sum-rate
performance. These works are limited to mmWave massive
MIMO systems. However, the valuable insight provided here
is useful to design a frequency selective two-way relay hybrid
precoding for THz-MIMO OFDM systems.

B. OUR CONTRIBUTIONS

Against the above background, in this paper, we consider
the two-way relay hybrid precoding design for THz-MIMO
OFDM systems. Different from the existing work on THz
bands where the direct link between the BS and MS is
considered, in our proposed relay hybrid precoding design,
the received/transmitted analog precoder at the relay remains
frequency-flat across all the subcarriers whereas the dig-
ital precoders at the relay are frequency-selective and
optimized on per subcarrier basis. In our considered system,
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a multi-antenna relay with energy-efficient sub-connected
architecture receives and transmits the information from the
two multi-antenna user equipment (UE) named as sources,
during which OFDM is used to combat frequency selectiv-
ity. The main contributions of this paper are summarized as
follows:

At first, we consider a frequency selective THz channel
model which accommodates the joint effect of molecular
absorption, high reflection loss, and multipath fading. Then,
by using this channel model, we design a two-way relay
hybrid precoding system. Afterward, by using these channel
and system models we formulate the two-way relay hybrid
precoding problem based on the criterion of sum mean square
error (sum-MSE) where the aim is to minimize the error
between the source transmitted signal and the destination
received signal. As the sub-connected architecture is con-
sidered at the relay, the analog precoder at the relay is
constrained to be a block-diagonal matrix. This practical
hardware constraint at the relay makes the relay hybrid pre-
coding problem non-convex.

Then, to solve this non-convex formulated problem,
we propose some mathematical manipulations to reformulate
the original two-way relay hybrid precoding problem into an
equivalent problem without block-diagonal constraints. The
proposed mathematical reformulation assists us to convert
the non-convex two-way relay hybrid precoding problem
into a convex quadratic minimization problem with only the
power constraint. Finally, this convex quadratic problem can
be solved and obtained the closed-form solution by taking
the gradient of the objective function concerning the relay
precoding matrix. This procedure leads us to obtain the
closed-form solution for the convex quadratic problem in
the two-way relay hybrid precoding problem in THz-MIMO
OFDM systems.

We also analyze the complexity of the proposed scheme
to show that our solution is not dependent on pre-calculated
analog precoder, so its computational complexity is lower
than the existing well known matching pursuit (MP)
algorithm.

Finally, the simulation results are provided to evaluate
the proposed scheme in terms of sum-MSE, achievable rate,
and energy efficiency compared to the existing solution
for two-way relay hybrid precoding in THz-MIMO OFDM
systems.

C. ORGANIZATION AND NOTATION

The remainder of this paper is organized as follows.
In Section II, we present the channel and system models
for two-way relay assisted THz-MIMO OFDM systems.
In Section III, we first formulate the original two-way relay
hybrid precoding problem based on the criterion of sum-MSE
and then reformulate this non-convex problem into a convex
problem. We present the closed-form solution and complexity
analysis of the proposed solution in Section IV. The sim-
ulation results and the related discussions are provided in
Section V. Finally, in Section VI, we conclude this paper.
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Notations: The matrices and vectors are presented by
the uppercase and lowercase boldface letters. The conjugate
transpose and transpose operations are presented by (-) and
T, respectively. |A| r and ||a]|, denote the Frobenius norm
of a matrix A and the l»,-norm of a vector a. Expectation
operator is symbolized by E [-]. The block-diagonal and the
trace operators are shown by blk (-) and Tr (-), respectively.
Vectorization of a matrix A is denoted by vec(A), and the
Kronecker-product between two matrices is shown by ®.
CN (0, 02) is the complex Gaussian distribution with zero
mean and variance o2, respectively. Finally, Iy; denotes the
M x M identity matrix.

Il. CHANNEL AND SYSTEM MODELS

In this section, we briefly introduce the channel and system
models for two-way relay hybrid precoding in THz-MIMO
OFDM systems.

A. FREQUENCY SELECTIVE THz CHANNEL MODEL

We adopt the MIMO OFDM channel model where the chan-
nel is built with the combination of several subcarriers [11].
An amplify-and-forward (AF) relay without the direct link
between the source and the destination is considered. Due to
the propagation characteristics at higher frequencies, the THz
channel can accurately be predicted by a limited number of
rays [23]. To capture the frequency-selectivity of the wide-
band THz channels, we adopt the widely used geometric
delay-d channel model such that the time-domain channel
H [d] € CNr*Ns at the relay can be expressed as [11]:

Hig = [ Zazpr (@t — ) x af (6. of)

xw(@,@) (1

where L is the number of rays and «; is the complex gain of
Ith ray component. p, (dTs; — 1;) represents the pulse-shape
function for T-space signaling at the time delay of ;. af €
CMk and aj e CNs are the array response vectors at the
relay and the source, where 67, ¢7 , 6F and ¢ are the azimuth
AoD, elevation AoD, azimuth AoA, and elevation AoA for
the /th ray, receptively.

To incorporate the molecular absorption losses at THz
frequencies, we further consider the Fresnel reflection coef-
ficient F; [17]. Then, the complex path gain o; of the /th ray
with only one reflection can be express as [11]:

lr|? = Fy (F) Lopr (f s di + d2) Laps (f, dy +da) — (2)

where Fj is function of f (i.e., f is the central frequency of
the mth subcarrier), d; is the distance between the source
and the reflector, and d5 is the distance between the reflector
and the relay. For the widely used uniform planar array with
Ng = Né‘ x N, the array response vector at the source can
be expressed as [11]:

1 ;2mwdspe
S (05, 43 Jm o h v (0.9)
al(el’(pl):m[]’...’g Ty OO

.2 dspe T
P “’,1(;1.»1}{1(9‘45)] ., ()
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Similarly, array response vector at the relay can be expressed
as [11]:

2ndspe
JTw oy (0,0)

1 ,
f(@f,¢f)=—m[l~-~w

27'rd3pc

T
wnR 1 nR—l(0 (P)] , (4)

where dyp. and A are the antenna spacing and the signal
wavelength, and w, v (6, ¢) can be define as [11]:

Oyl (O, @) = n cos 0 sing + n’ sin 6 sin ¢ (5)

where n!' and 1! are the index of antennas with 0 < n* <
N_é’ —land 0 < n} < N§ — 1, respectively.

Given the delay-d channel model in (1), the channel
between the source S and the relay, and the channel between
the source S, and the relay on mth subcarrier can be expressed
as [11]:

Dy,

Himl =Y Hd]e /" (6)
d=0
Dg

Glml =Y G[d]e 7, @
d=0

To realize the precoding, we follow the assumption that the
channels H [m] and G [m] are known at the source, the relay,
and the destination [24]. In practical systems, channel state
information (CSI) received at the relay can be obtained via
training from the source to the relay, and the CSI received at
the destination can be obtained via training from the relay
to the destination [25]. Then the CSI is shared with the
transmitter at the source via feedback from the relay to the
source, and the CSI transmitted at the source is shared by
the feedback from the relay to the destination [26].

B. TWO-WAY RELAY HYBRID PRECODING DESIGN

In one-way relay precoding systems, the source or the desti-
nation requires two time-slots to complete either only down-
link or uplink transmission. As a result, in total, four-time
slots are required to complete the whole transmission (i.e.,
uplink and downlink) which effectively leads to the loss
of one-half of spectral resources. In contrast, in two-way
relay precoding systems, only two time-slots are required to
complete the whole transmission which leads to performance
improvement in the spectral efficiency of the overall system.
In the first slot, both the source and the destination transmit
signals to the relay, while in the second slot, the relay pro-
cesses the received overlapped signal and then broadcasts this
signal to all the source nodes in the system.

To improve the spectral efficiency of the overall MIMO
OFDM systems, in this paper, as shown in Fig.1, we consider
the two-way relay hybrid precoding system which consists of
two source nodes S and S3, respectively. In practice, node
S1 can be regarded as a base station, and S> can be named
as a mobile station (MS). To consider a more challenging
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FIGURE 1. Two-way relay hybrid precoding for THz-MIMO OFDM systems.

scenario, we consider a sub-connected architecture at the
relay to deploy a large number of antennas. The source nodes
are equipped with Ng antennas and K RF chains to exchange
information via relay equipped with Ng, (i = 1, 2) antennas
where Ng, = Ng,, Nr,, respectively.

We also assume that there is no direct link between the
source nodes due to the large path loss at THz frequencies [3].
In two-way relay systems, the signal transmission protocol
uses two consecutive time-slots. During the first time-slot,
the two source nodes transmit their signals s [m] , s2 [m] € C
(m e {1,2,---,M}) to the relay via the wireless channel
matrices H[m] and G [m] with E [|s1 [m]|2] = ps1m] and
E[ls2 [ml*] = pslm], respectively. The source nodes use
the fully-digital OFDM system for the sake of practicality
where the data transmitted to the relay is modulated and
spread across M subcarriers. The received signal at the relay
for the mth subcarrier can thus be expressed as:

Yr [m] = H[m]f| [m] s1 [m] 4+ G [m] £, [m] 52 [m] + ng [m]
(8

where H[m]e CN0 N1 and G [m]e CM2*Ns: are the
channels from node S; and S, to the relay, respectively.
yr [m] € CM&i 1 denotes the received signal at the relay.
Further, f; [m], f> [m] € C¥s*! are the transmitted precoding
vectors at S| and S» with power constraints ||f] [m]| < 1,
If> [m]ll < 1, respectively. Finally, ng [m] € C¥¢*! is the
complex additive white Gaussian noise at the relay with
distribution E [ng [m] ng[m]*] = oL

In the second time slot, the relay node applies the hybrid
precoding on the received signal yg [m] as:

Xg [m] = W [m]yg [m] 9

where xg [m] €V&*! is the transmitted signal from the relay

and W [m] eM®*Ns is the hybrid precoder at the relay,
respectively.

The hybrid precoding at the relay on the received signal
from the source node S1 can be explained as follows. At first,
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the analog precoder of size Ng, x K is applied on the received
signal from the source Sy, and then the digital precoder of size
K x 1 is employed to control and route the signal through
different radio frequency (RF) chains into the frequency
domain [14]. Afterward, the frequency domain signal is trans-
formed into the time domain using the M -point inverse fast
Fourier transform (IFFT). A length-D cyclic prefix is added
to the signal on each RF chain to eliminate the inter-symbol
interference. Finally, transmitted analog precoder of Ng, x K
is applied. Since the analog precoder is implemented after
the IFFT, therefore analog precoder remains fixed for all
subcarriers, while the digital precoder is different for each
subcarrier. The same procedure is used for the signal received
from source node S,. This indicates that the relay used differ-
ent transmit and received antennas.

The relay node broadcasts the processed signal xg [m]
simultaneously to all the source nodes (i.e., S; and S2) by
using the wireless channels H' [m] and G” [m], respectively.
Here, we assume the perfect channel reciprocity during the
uplink and downlink transmissions. Then, the received sig-
nals at the source S; and the source S can be expressed
as:

ysi [m] = df, [m]H' [m]xg [m] +ny [m]  (10)
Y52 [m] = d};, [m] G” [m]xg [m] + ng [m]  (11)
where (10) can be written as
Yot [m] = dX; (m]H [m] W [m] {H [m] £, [m]s; [m]
+G [m]fy [m] sz [m] + ng [m]} +ng [m], (12)
Yt [m] = dl; (m]H [m] W [m] H [m] £y [m] s [m]
+d!, (m]H" [m] W [m] G [m] £s [m] s [m]
+d, [mH" [m] W [m]ng [m] +ng [m], (13)
Similarly, (11) can be written as
Y52 [m] = A%, [m] G [m] W [m] {H[m] £, [m]s; [m]
+ G [m]fy [m]sy [m] + ng [m]} +ng [m], (14)
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Yoo [m] = d [m] G” [m] W [m] H [m] £5 [m] 51 [m]
d’, [m] G [m] W [m] G [m] £s2 [m] 52 [m]
dfz [(m] G [m] W [m]ng [m] +ngp [m], (15)

where ng; [m] and ny [m] €Vs*! are the received noise vec-

tors at S| and S, such that E [nsl [m] ng [m]*] = 03,211
and E [nsg [m]ng [m]*] = aszzl, respectively. Further,
d,1, d,r Vo<1 are the received combining vectors at S and
S», respectively.

The two terms d7; [m]H” [m] W [m] H [m] £ [m]s) [m]
and d%, [m] GT [m] W [m] G [m]
fo [m]s2[m] in (13) and (15) can be regarded as
self-interference at S and S, respectively. Due to the avail-
ability of perfect CSI at the relay, we can remove these two
terms and rewrite (13) and (15) as:

Ys1 [m] = dl} [m]H" [m] W [m] {G [m] fs2 [m] s [m]

+ng [m]} + ng [m], (16)
ys2 [m] = A [m] G [m] W [m] {H [m] £51 [m]s; [m]
+ng [m]} 4 ny [m]. 17

lll. PROBLEM FORMULATION AND REFORMULATION

We begin this section by formulating the two-way relay
hybrid precoding problem based on the criterion of sum-
MSE to minimize the error between the source transmitted
signal and destination received signal. Then we reformulate
the aforementioned problem into a more tractable form to
obtain a closed-form solution.

A. ORIGINAL TWO-WAY RELAY PRECODING PROBLEM
Based on the channel and system models introduced in
section II, the total sum-MSE based problem for both source
nodes S1 and S> can be expressed as follows

sum — MSE = {|yy [m] — s1 [m]|} + {lys1 [m] — s2 [m]]}

(13)
The expectation operator in (18) makes the formulated prob-
lem very difficult to solve therefore we remove the expecta-

tion operator from (18) and rewrite it in a more general form
as

de [m] G" [m] W [m] Ry [m] W [m] G* [m] £, [m]
!} m] H” [m] W [m] Ry, [m] W [m] W* [m] £, [m]
~pyi [m1 B [m] £ [m] W [m] G* [m] £, (m] —
x G* [m] £ [m] WY [m] H* [m]£% [m] — pyi [m]dL, [m]

x GT [m] W [m] H [m]f;1 [m] — py> [m]d]; [m] HT [m]
X W ] G [l £z [m] + (pr ] + i [m]+osl+osz),
(19)

ps2 [m]

where Ry [m] = psi [m] H [m] f5; [m] H? [m] [m] = a;ll
and Ry [m] = ps2 [m] G [m] £ [m] G [m] £ [m]
respectively. ps1 [m] and pg [m] are the transmltted powers
of S1 and S», respectively.

222664

The formulated cost function measures the total (i.e.,
uplink and downlink transmission) performance of the
two-way relay hybrid precoding in THz-MIMO OFDM sys-
tems. Since in two different time-slots the data streams are
(at first) received from two sources and then transmitted to
all the sources in the system, this results in the two-way relay
hybrid precoding.

Next, by using the values of Ry [m] and Ry [m] in (19),
we can formulate the two-way relay hybrid precoding prob-
lem with respect to the relay precoding matrix W [m] as:

min j=al [ml G [m]W [m] Ry [m] W [m] G* [m]

£5, [m] + d, [m]H' [m] W [m] Ry [m]W* [m]
W* [m] %, [m] — ps1 [m] HY [m] £ [m] W [m]

G* [m] £, [m] — ps2 [m] G* [m] £, [m]WH [m]
H* [m] £, [m] — ps1 [m]dY, [m] GT [m] W [m] H [m]
£ [m] — p [m]dL, (m] H [m] W [m] G [m] £y [m]

+ (Psl [m] + ps2 [m] + 0521 + 0'32)

st Tr { W] (Rqy ] + R ] — o71) W 1}
=PR- (20)

As it is explained in the system model that at relay the
sub-connected architecture is considered, which made the
relay precoding matrix W [m] a block-diagonal matrix and
where pr [m] is the power constraint at the relay. Moreover,
as W [m] is not a full-ranked matrix, the generated problem in
(20) is non-convex and it is very hard to solve this it directly.
Hence, in the next subsection, we proposed to convert the
(20) into an equivalent convex problem with respect to only
non-zero elements of relay precoding matrix W [m].

Moreover, the primary objective of this work is to optimize
the relay hybrid precoding with given transmit and receive
beamformers. As we employed a large number of antennas in
atwo-way relay assisted MIMO OFDM system, the complex-
ity of transmitting and receive beamformers are unacceptable
and it is difficult to optimize. For this reason, we utilize the
low-complexity transmit beamformer at the source, which is
derived directly from the SVD of the channel, and apply the
low-complexity MMSE receiver at the destination. With a
known transmit beamformer and MMSE receiver, the relay
precoding optimization problem can be formulated to mini-
mize the sum-MSE between the source transmitted signal and
the destination received signal.

B. REFORMULATED TWO-WAY RELAY PRECODING
PROBLEM

In this section, as mentioned above we propose to reformu-
late the original two-way relay hybrid precoding problem by
using some methmatical properties to transfer it into more
tractable form. We construct a long column vector w [m] by
stacking all the non-zero complex elements of W [m] which
can be expressed as:

wm] = [vec (W{’ [m]) oo vec (wg [m])] e CKNex1,

21
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To ensure the clear understanding of our formulated problem
(20) at this stage we first propose to divide (20) into five
simple equations expressed as follows:

dl, (m1 GT [m] W [m] Ryy [m] W [m] G* [m1 £, [m] (22a)
!} (m]H" [m] W [m] Ry [m] W [m] H* [m] £, [m] (22b)
pst [mH? [m] £} (m] W [m] G* [m] £%, [m] (22¢)
ps2 [m) G* [m] £ [m] W [m] H* [m] £, [m] (224d)
pst [mldLy (m] GT [m] W [m] H [m] £51 [m] — py [m]

!} [(m1H [m] W [m] G [m] fs [m] (22e)

Now we begain to solve each equation one by one. Con-
sider (22a) and by using the value of Ry [m], (22a) can be
expressed as:

df, [m1 G [m] W [m] Ryi [m] W [m] G* [m] £, [m]
= par [m) vec™ | (] 8] () W (] G* [m] £, [}
vec {H” () £ (i) WH ] G* [m] £, [m]] + odvect!
x W (] G* [m] £, [}
x vee [WH (1] G* [m] £ m |, (23)
where (23) can be divided into two terms as:

Vec{HH [m] £ [m) WH [m] G* [m] 2[m]} (24a)

vee {WH [m] G* (1 £, [m] | (24b)

By using the vector property showed in (21), (24a) can be
written as:

vec [H” (15 [m] W [m] G* [m] £, [m]}
K

= > H{ [mIfff  (mIW{ [m] G} [m1f5y, [m],  (25)

Then, by using the properties of the Kronecker product on
(25), we get:

K
> H [m] €l (m) WY [m] G} [m] £, [m]
k=1

[GH [m] £ | (m] ® B [mfsy,1 (m], - -,
GH [m] fg,K [m] @ HY [m] f1 k [m]]
= ay [m] e C¥EMk, (26)

Similarly, by using the given vector property in (21) on (24b),
we get:

vee [WH [m] G* [m] £ [m]}

= {vec [ W 1m1 Gy 1m) £, 11} -+
vec {WK [m] Gy [m]£5, g [m]] , 27
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and by using the properties of the Kronecker product on (27),
we get:

[VCC {WH [m] G} [m] £ [m]}
vee {WE [m] G [l I} ]
= bik [{G1 (1 £, @ T}

(Gl 1] @1} | w D
= A[m]. (28)
Now, by substituting (28) and (26) into (22a) yields
L [m1 G” [m] W [m] Ry; [m] W [m] G* [m] £, [m]
" ) {aff () gy (]| wom]
+ ogw (o] | A" {nr] A [m1} w (). (29)

= ps1 [mlw

Now, by using the value of Ry, [m] in (22b) and by applying
the vector property in (21), (22b) become

df} [m H" [m] W [m] Ryz [m] WY [m] G* [m] £, [m]
= paz m] vec™ |G [n] 45 ] W ] W ] £, [}
X vec {G” [m] £ [m) WY [m] H* [m] £, [m]} +o2vec!!
x AW [ H [m] £, (]| vee | W [m] B[l ()}
(30)
where (30) can also be divided into two terms as:
vee { G (] € [m] W [m] B [m] £, (1}~ (31a)
vee {WH [l H* ] £, {1} (31b)

Now, by using the vector property given in (21) on (31a),
we get:

vee (G ] €4 L) WH [ H [m] £, [

K
Z{Hf[m £l il @ G [l € [}

ec (wg [m]) : (32)

Further, by using the Kronecker product properties on (32),
we get:

Z {Hf! 1€, 1 @ G 1) €4 1| vee [ W 1}

= {HH 18251 (] @ G (1 €55, (m] - B [
x £] & [m] ® GY [m] £ g [m] }W[m]
= by [m] € C¥KNz, (33)
and by using (21) on (31b), we get:
vee {WH [ H* [m] £ [
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- [vec{w? [mI ] [m] £ [ml} -,
vecWyl [m] Hi (1€ Iml], (34)
where
[vee [ WH i B 11 €5 01|+
vee {WH [mH (] €5 (m1 ]
= blkdiag [{H] [m]f}; | [m] @L[ml}, -,

{Hg [m1f} x [m] @I [m]}]w[m]
= B[m], 35)

By substituting (35) and (33) into (30) yields
!} (m1H” [m] W [m] Ryo [m] W [m] W* [m] £5; [m]
= pa mI W (] [ (] by (m1} w ] + ofw" (m]
x {BH [m] B [m]} w[m]. (36)

Now, by using the vector property given in (21) on (22c¢),
we get:

pst ImVH [m] €7 [m) WH [m] G* [m] £, [m] = ps1 [m]

K
Y tr [G} ] £, ] HEY [ £ (] WY [m]],
k=1
37

where

K
Pt ) Yt | Gig Im) 5 I B () €5 ) W (o]
k=1

= pot ) [vec!” {8, 11 G pm1] {10m) @ B
gl it} e vee {6 ¢ (m) G ()
x| 1om @ B i1 | €4 01| w ]

— ay e C¥KV;, (38)

The fourth subequation (22d) can be written in a form by
applying the vector property given in (21) as:

ps2 [m] G* [m] £, [m] W [m] H* [m] £, [m] = ps2 [m]
K
x ) tr [H}g [m £, [m] GE [m1€% , [m] W [m]],
k=1

(39)

where

K
P2 m) Y te B (1 €5, ) G () €5, () W o]
k=1

= po Im) [vec” {H] () €41, (1} (L (m) @ G ()
Xt | [}, - vec! {H,T< [m £ [m]}
x Ll @ G 1m1 £} (]| wiml |

= by e C*KNk, (40)
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The last subequation (22e) can be rewritten by using the
vector property given in (21) as:

pst [m1dL, [m] G” [m] W [m] H [m] £y [m]
—ps2 [mldl} [(m]H" [m] W [m] G [m] £y [m]

K
= po I Yt [ Hy Dl £ ¢ 1)

k=1
x d7y , [m] GI [m] WT [m]}

K
—palml Y tr{ Gy [l Im]
k=1

xdy i B [ W g}, 41)
where
= H] (m W] [m]
= por Im) vec [ [y m1 £, 11}
<{tim @ dl , m G (m} ]
—palmlvec [{Gi [m] fi.1 (m])
x {tim @ dly (1 B] (i} ]+ pon ] vec
x [{H tm) o, D1} {1 1m) @ Ty 1) GF; (1} ]
~palmlvec [ Gy pmifa x m

x {10m1 @ d (1 W (1} ] w D
= glm. “2)

As we have converted five subequations into their equiv-
alent forms by using the vector property give in (21),
now we further substitute (42), (40), (38), (36), and
(29) into (20) to get an equivalent objective function
as:

mim j = wi [m]
x [ {por tm1aff () agy 1) + oFAF ) A (]}
{pe2 U1 b () by ] + 7B () B [} |
W [m] =w! [m] {(ps1 [m]asa [m] —psalmlbsa [m])}

Wil = g ml+{pst [l + pe Il + 0 + 03},
(43)

where (43) can be further simplified by letting:
Kim) = { (por ) alf (magy 1m) + o3A™ (1] A 1)

+(ps2 Un1 b 1 by [r) + 0B (] B[ ) .
(44)

and

a[m] = {(ps1 [m] agp [m] — pso [m] by [m])} (45)
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the minimization problem (43) can be simplified as:
H 1m) A [m] w [m] — w! [m]& [m] w[m]
—glml+ {pa Il + palml + 03 + 03] (6)

min j =w

Till now we have converted a formulated complex problem
(20) into a simple linear form by using vector property and
Kronecker product properties. Similarly, now we use these
two properties to convert the power constraint in (20) into an
equivalently form as:

Te [ W il Ry (] + Ry ] — 031} WH ]
= pat [l vee!” [ (on] € [m] WY ()] py2 (] vee
- [HH () 855 1] W (]| 4+ pya ] vee! [ G [
7 1) W ()| vee [ GH [m) 23 1) W (]|
— oW [m) W [m], (47)

By following the similar procedure, (47) can further be

divided into two sub equations as:
vec [HH [m] £ [m] WH [m]] (48a)
vec [GH [m] fg [m) WH [m]] (48b)

By following the vector property given in (21), (48a) can be
rewritten as:

vee [HY [m] £ () W (]|
= vee [H{! [m] €, (m] W' [m],
vee [ (] 4 (m) Wi [m]] , (49)
where
vec [H'f’ [m] £ | [m] WY [m]] ,
vec [Hg I £ (] W [m]]
= blkdiag[{l[m] @ H [m] £ 1} .

{tim1 @ B (1 €5 ¢ ] wm)
=Vm], (50)

whereas, by applying the vector property given in (21), (48a)
can be rewritten as:

vee [GH [m] 3 (] W [ |
:blkdiag“l[m]@G [m] €% | [m ]}

{tim1 @ G 11 €4 4 11} | wim)
= S[m], (51

By substituting (51) and (50) into (47) produces an equivalent
expression for the constraint in terms of w [m] as:

Tr [W [m] {Rsl [m] + Ry [m] — aRI} wH [m]]
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= w¥ i) {par 1) V(] V im] + pc (m1 ¥ [
x S [m] — o,%l} wm]. (52)
where

{pat bn1 VY m1 V1 + i 187 1 § 1 = o1

=Vim], (53)
and

Tr [W [m] {Rsl [m] + Ry1 [m] — URI} wH [m]]

=w [m]V[m]wm] = prlm], (54)

In the end, by following the above steps, we can express the
minimization problem (20) into a more tractable equivalent
minimization problem with respect to relay precoding vector
w [m] as:

w [m] @ [m] w [m]

n}ln]—w [m]A[m]w [m] —

—gOml+ (pot Il + oo Il + 03 + 03

stwh [m] v [m]w[m] = pg[m]. (55)

While deriving an equivalent problem and by the derivation of
(43), it can be observed that A [m] is a positive semi-definite
matrix. Thus, the derived equivalent minimization problem
(55) is a convex optimization problem. In the next section,
we derive the closed-form solution for this convex problem.

IV. CLOSED-FORM TWO-WAY RELAY HYBRID
PRECODING SOLUTION

Above, we deduced the original non-convex two-way relay
hybrid precoding problem (20) into an equivalent convex
two-way relay hybrid precoding problem (55). In this section,
we provide a closed-form solution to this new optimization
problem with respect to the relay precoding vector w[m].
As it was mentioned in the last section that A[m] is a positive
semi-definite matrix, hence our new problem (55) is a convex
optimization problem and there is a unique optimal solution
for w[m], which can be achieved by taking the gradient of
the cost function ][m] with respect to relay precoding vector
w[m]. Nevertheless, to consider the power constraint, let us
rewrite our minimization problem (55) as:

n%ir} J(w[m]). (56)

In (56), J (wlm]) = j(wlm]) + A(w" [m] V[m] wlm] — prm])
where A is the Lagrange multiplier introduced to hold the
power constraint. It can be observed that, since there is no
constraint in (56), we can minimize J(w[m]) by taking its
gradient with respect to w[m] and making it equal to zero.
To follow this solution, (56) can be rewritten as:

Vwd (W[m]) = 2A[mw[m] — & [m] + A2V [m]w[m]) = 0.
(57)

222667



IEEE Access

T. Mir et al.: Hybrid Precoding Design for Two-Way Relay-Assisted THz Massive MIMO Systems

where Vy, denotes the gradient operator. The optimal solu-
tion, Wop[m] is the unique w[m] which satisfies (57). By fol-
lowing few algebraic steps, the optimal closed-form solution
can be achieved as:

1/- - —1
woplm] = 3 (Alm] + 2V0m)) &7[ml. (58)

Eq. (58) provides the final solution for the two-way relay
hybrid precoding in THz-MIMO OFDM systems. However,
in this solution, A can be obtained by replacing (58) in the
constraint of (55), which leads to

%ﬁ[m] (A[m] + /\V[m])_H (A[m] + W[m]) 3t ]
=prlm]. (59)

In other words,

. . —1 2
” (A[m]—l—)LV[m]) il [m] H — 4pglm]. (60)

From above, we see that there is no certain value for A and it
can be adjusted according to (60). By finalizing A, the optimal
closed-form solution for the two-way relay hybrid precoding
in THz-MIMO ODFM system of (55) can be obtained in (58).

A. COMPUTATIONAL COMPLEXITY

To analyze the computational complexity of the proposed
closed-form solution (58), one can observe that the complex-
ity to obtain the optimal solution Wp¢[m] includes two main
parts.

The first step is to calculate the inverse of A[m] +A\~7[m]>,
and in second step multiplying the resultant of inversion by
afl[m).

Since (A[m] + XV[m]) is KNI% X KNI%, the inversion pro-
) [27). Fur-
ther, the multiplication of the resultant matrix with af [m]
have a complexity order of O ((KN 1%)). On the other hand,
the optimization process in (58) is performed on a per sub-
carrier basis because of OFDM system. Therefore, we can
conclude that the overall computational complexity of the
proposed closed-form solution is O (M (KN,%)2373), where
M is the number of subcarriers.

cess have a complexity order of O <(KN 1%)

V. SIMULATION RESULTS
In this section, we numerically evaluate the performance
of the proposed closed-form solution for the two-way relay
hybrid precoding in THz-MIMO OFDM systems. Since
the fully-digital precoding achieves the near-optimal per-
formance, we consider the fully-digital precoding as an
upper-bound to compare the proposed solution. To show the
effectiveness of the proposed scheme, we also compare the
results achieved by simulations with the existing THz hybrid
precoding scheme recently introduced in [28] and [29].
We set the simulation parameters as follows.

The operating frequency is set as 0.35 THz to 0.45 THz and
the bandwidth of each subcarrier is B = 1 GHz, respectively.
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—@— Proposd hybrid precoding
= = =Fully-digital beamforming
=—+— Hybrid precoding [19]

Hybrid precoding [29]

MSE

SNR (dB)

FIGURE 2. Sum-MSE comparison of different precoding schemes, when
Np =48,K =4,and Ls = 2.

For the considered relay assisted massive MIMO OFDM
system, the number of subcarriers is M = 100, and the length
of cyclic prefix is D = 16. The noise variance is 0521 = oszz =
1. We further assume that at the source and the destination the
fully-digital precoding is adopted similar to [30].

As we formulated the two-way relay hybrid precoding
problem based on the criterion of sum-MSE, therefore at first
we discuss the sum-MSE achieved by different precoding
schemes to minimize the error between the source trans-
mitted signal and the destination received signal.In Fig. 2,
the sum-MSE results achieved by the proposed scheme are
compared to different precoding schemes against SNR. It can
be observed that the proposed scheme can achieve almost
similar performance to the fully-digital precoding [30],
whereas compared to the recently proposed hybrid precoding
scheme proposed for THz-MIMO OFDM systems in [28]
and [29], the proposed approach can achieve better sum-
MSE.

Achievable sum-rate is also an important criterion used
in most of the contemporary works on hybrid precoding.
To show the effectiveness of the proposed scheme next we
compare the proposed solution with some existing solution
in terms of achievable rate. Specifically, Fig. 3 shows the
achievable rate of different hybrid precoding schemes against
SNR. It can be observed from Fig. 3 that the proposed scheme
can perform much better than the existing hybrid precod-
ing scheme proposed in [28] and [29] for two-way relay
hybrid precoding in THz-MIMO OFDM systems. Besides,
the achievable rate of the proposed solution is very close to the
fully-digital precoding in [30] which proves that the proposed
solution in this paper is a better option in terms of sum-MSE
and achievable rate both.

We further demonstrate the achievable rate comparison
of the proposed scheme with existing precoding schemes
against a varying number of relay antennas Ng in Fig. 4. The
number of RF chain K is fixed, and we change the number of
antennas at the relay from 16 up to 48, respectively. Clearly,
by increasing the number of antennas at the relay, the antenna
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FIGURE 3. Achievable rate comparison of different precoding schemes,
when Ng =48, K =4, and Ls = 2.
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FIGURE 4. Achievable rate comparison of different precoding schemes
against number of relay antennas Np, when Ls = K =2 and SNR = 10 dB.

gain increases, which results in a high achievable rate for all
the precoding schemes and we can observe similar trends as
Fig. 3.

Likewise, Fig. 5 shows the achievable rate of different
precoding schemes with the varying number of data streams
Ly and RF chain K. We set (K = 4,L; = 4) and (K = 2,
Lg; = 2) and keep the other simulation parameters same as
Fig. 3. The figure shows that the proposed scheme can achieve
a higher sum-rate compared to the existing hybrid precoding
scheme. Furthermore, we can observe that the gap between
the proposed hybrid precoding solution and the fully-digital
precoding which is obvious.

Similarly, in Fig. 6 we represent the rate achieved by
different precoding schemes against a varying number of RF
chain K. We vary the number of RF chains from 2 to 8§,
respectively. It can be observed that the gap between the
fully-digital precoding and other hybrid precoding scheme
decrease as K increases. Specifically, with the large number
of K, the rate achieved by the proposed schemes reaches
very close to the fully-digital precoding and outperforms the
exiting hybrid precoding solution proposed in [28] and [29].
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FIGURE 6. Achievable rate comparison of different precoding schemes
against number of RF chain K, when Ls = 2, N; = 48, and SNR = 0 dB.

In the end, we examine the power efficiency achieved by
the proposed scheme as it is also an important criterion to
evaluate any proposed scheme. In communication systems,
the power is mostly consumed by five dominant factors which
are i) low-noise amplifiers (LNA), ii) phase shifter (PS), iii)
RF chain, iv) baseband precoder (BB), and v) power amplifier
(PA), respectively. Based on these five factors and the energy
efficiency model proposed in [31], the total power consump-
tion Pg of the two-way relay hybrid precoding system can be
calculated as:

Pr = Ppp + 2K Pgr + NRPLNA +NRPPA + 2MpsPps
(61)

where Ppp, Prr, PLna, Ppa, and Ppg are the power consumed
by BB, RF chain, LNA, PA, and PS, respectively. We adopt
the practical values for the simulation as: Pgg = 10mW,
PRF = IOOmW, PPS = IOmW, and PLNA = PPA =
100mW [31]. Mpg denotes the number of PS such that Mpg =
NZE, respectively. Furthermore, the power efficiency 1 can be
defined as the ratio between the achievable rate R and the total
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FIGURE 7. Power efficiency comparison of different precoding schemes
against number of RF chain K, when Ls = 2, N, = 48, and SNR = 0 dB.

power consumption at the relay Pg as [32]:

R

n
Based on the above values, we present the power efficiency
achieved by the proposed precoding schemes in Fig. 7.
We can observe that the power efficiency achieved by the
proposed scheme is higher than the existing hybrid precoding
scheme. Moreover, by increasing the number of RF chains,
the power efficiency graph becomes stable and we cannot
observe further increase in the power efficiency by adding
the RF chains anymore. This stability is achieved when the
number of RF chains is large enough and the improvement
caused by this sizable digital precoder is saturated, thus by
further adding RF chains would only raise the hardware
complexity and power consumption rather than improving the
performance.

VI. CONCLUSION

In this paper, we presented a closed-form solution for
two-way relay hybrid precoding in THz-MIMO OFDM
systems with energy-efficient sub-connected architectures.
At first, we formulated the two-way relay hybrid precod-
ing problem under the sum-MSE criterion to minimize
the error between the source transmitted signal and the
destination received signal. After that, we proposed some
mathematical manipulations to convert the non-convex for-
mulated problem into a convex two-way relay hybrid pre-
coding problem and then obtained the closed-form solution.
Simulation results confirmed that the proposed closed-form
solution achieved better performance in terms of sum-
MSE, sum-rate and power efficiency than existing solu-
tions for two-way relay hybrid precoding in THz-MIMO
OFDM systems. In the future, we have planned to extend
our current work towards the recently proposed intelligent
reflecting surfaces (IRS) to replace the two-way relay with
IRS.
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