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ABSTRACT Millimeter-wave (mmWave) massive multiple-input multiple-output (MIMO) systems have
been considered as one of the primary candidates for the fifth generation (5G) and beyond 5G wireless
communication networks to satisfy the ever-increasing capacity demands. Full-duplex technology can
further enhance the advantages of mmWave massive MIMO systems. However, the strong self-interference
(SD) is the major limiting factor in the full-duplex technology. Hence, this paper proposes a novel angular-
based joint hybrid precoding/combining (AB-JHPC) technique for the full-duplex mmWave massive-MIMO
systems. Our primary goals are listed as: (i) improving the self-interference cancellation (SIC), (ii)
increasing the intended signal power, (iii) decreasing the channel estimation overhead, (iv) designing
the massive MIMO systems with a low number of RF chains. First, the RF-stage of AB-JHPC is
developed via slow time-varying angle-of-departure (AoD) and angle-of-arrival (AoA) information. A
joint transmit/receive RF beamformer design is proposed for covering (excluding) the AoD/AoA support
of intended (SI) channel. Second, the BB-stage of AB-JHPC is constructed via the reduced-size effective
intended channel. After using the well-known singular value decomposition (SVD) approach at the BB-
stage, we also propose a new semi-blind minimum mean square error (S-MMSE) technique to further
suppress the residual SI power by using AoD/AoA parameters. Thus, the instantaneous SI channel
knowledge is not needed in the proposed AB-JHPC technique. Finally, we consider a transfer block
architecture to minimize the number of RF chains. The numerical results demonstrate that the SI signal is
remarkably canceled via the proposed AB-JHPC technique. It is shown that AB-JHPC achieves 85.7 dB
SIC and the total amount of SIC almost linearly increases via antenna isolation techniques. We observe that
the proposed full-duplex mmWave massive MIMO systems double the achievable rate capacity compared
to its half-duplex counterpart as the antenna array size increases and the transmit/receive antenna isolation
improves. Moreover, the proposed S-MMSE algorithm provides considerably high capacity than the
conventional SVD approach.

INDEX TERMS Full-duplex, massive MIMO, millimeter wave communications, hybrid precoding,
hybrid combining, low CSI overhead, RF chain, semi-blind MMSE, energy efficiency, imperfect angle
information.

I. INTRODUCTION
ASSIVE multiple-input multiple-output (MIMO)
systems operating in millimeter wave (mmWave)
frequency bands are the primary candidates for
fifth-generation (5G) and beyond 5G (B5G) wireless
communication networks [1]-[4]. Massive MIMO systems
with excessively large antenna arrays is a key technology to

address the massive machine-type communications (mMTC)
and enhanced mobile broadband (eMBB) requirements to
support the development of various emerging applications
(e.g., virtual reality, augmented reality, autonomous driving,
Internet of Things, smart cities, etc.) [3]. Furthermore, the
wide range of available bandwidth in the mmWave frequency
bands does not only address the bandwidth shortage issue
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in the current wireless networks but also provides greatly
enhanced capacity. However, different from to the conven-
tional rich scattering multipath channels, a limited-scattering
propagation is experienced in the mmWave frequencies. For
ensuring the sufficient received signal power and compen-
sating the severe path loss, the massive MIMO technology
is widely considered as a useful application in the mmWave
communications [4]-[7]. Because the high beamforming
gain in the massive MIMO systems can focus the signal
energy through the desired limited-scattering regions [5].
Additionally, the shorter wavelengths in the mmWave
frequency enable the utilization large antenna arrays under
the area requirements in practical applications [6].

Massive MIMO systems have been originally consid-
ered for the half-duplex communications (i.e., time-division
duplex (TDD) [8]-[10] and frequency-division duplex
(FDD) [10]-[12]). The expected impacts of mmWave mas-
sive MIMO systems can be further extended via full-duplex
communications, which theoretically doubles the capacity
via more efficient utilization of the limited resources (i.e.,
time and frequency). However, the performance of full-
duplex communications is severely affected by the strong
self-interference (SI) occurred due to the simultaneous trans-
mission and reception over the same frequency band, which
is not present in the half-duplex communications. On the
other hand, the recent developments in antenna technology
and signal processing techniques make full-duplex commu-
nications more applicable via advanced SI cancellation (SIC)
techniques, e.g., passive (propagation domain) antenna isola-
tion, analog cancellation and digital cancellation [13]-[18].
The recent practical measurements in [17] show that the pas-
sive antenna isolation achieves 60— 65 dB SIC. Furthermore,
in [18], the antenna isolation based SIC is enhanced up to
74 dB via absorptive shielding, cross polarization and direc-
tional isolation. The quality of SIC can be further improved
via analog and digital cancellation techniques [13]-[16],
however, the SI component cannot be completely removed.
Even though the residual SI limits the performance of
full-duplex communications, the experimental and theoret-
ical studies in the literature demonstrate that full-duplex
transmission can outperform the conventional half-duplex
as the quality of the SIC increases [13]. Additionally, the
full-duplex massive MIMO systems enable enhanced esti-
mation and cancellation of the strong SI channel by means
of high degrees of freedom provided by the large antenna
arrays [19]-[27].

In order to ensure reliable transmission quality for the
massive MIMO systems, the precoding (combining) at
the transmitter (receiver) is a crucial signal processing
procedure for the downlink (uplink) transmission. The con-
ventional MIMO systems widely consider the single-stage
fully-digital precoding/combining (FDPC) architecture [28].
However, the large antenna arrays in the massive MIMO
systems induce two interesting challenges: (i) higher hard-
ware cost/complexity as well as the power consumption
(i.e., one dedicated power-hungry radio frequency (RF)
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chain per each antenna), (ii) longer channel estimation
overhead (i.e., the requirement of full instantaneous chan-
nel state information (CSI) in FDPC). Hence, even though
the large antenna arrays can improve the capacity, the
energy-efficiency sharply decreases with the utilization of
more power-hungry RF chains. The single-stage fully analog
precoding/combining (FAPC) technique significantly reduces
the hardware cost/complexity by minimizing the RF chain
utilization [29]-[31], however, FAPC achieves poor capacity
compared to FDPC. As a promising solution, the two-
stage hybrid precoding/combining (HPC) technique has been
proposed to address the aforementioned trade-off between
FDPC and FAPC, while providing the comparable capac-
ity as in FDPC [31]-[33]. In the HPC architecture, the
analog RF-stage and digital baseband(BB)-stage are con-
nected to each other via RF chains, where the number of
RF chains is chosen between the number of antennas and
the independent data streams. Both half-duplex and full-
duplex transmission schemes have been investigated for the
HPC design in the massive MIMO systems in [34]-[45] and
in [19]-[27], respectively.

A. RELATED WORKS

Preliminary studies in the HPC technique employ the half-
duplex communications. There are two major approaches
regarding the RF-stage design in the hybrid architectures: (i)
utilizing full instantaneous CSI bringing in large channel esti-
mation overhead [34]-[38], (ii) using the slow time-varying
channel characteristics (e.g., channel covariance matrix,
angle-of-departure (AoD), angle-of-arrival (AoA)) [39]-[45].
Thus, the latter approach only uses the reduced-size fast
time-varying effective CSI at the BB-stage design. Therefore,
the hybrid architectures in [39]-[45] can address two
interesting challenges in the massive MIMO systems: (i)
the reduced number of RF chains for low power con-
sumption and the hardware cost/complexity, (ii) the low
CSI overhead for shorter training sequence. In [41], a
two-stage angular-based hybrid-precoding (HP) technique is
proposed for the downlink massive MIMO systems, where
the CSI overhead is greatly reduced by designing the RF-
stage via AoD parameters. The numerical results in [41]
show that the angular-based HP significantly enhances the
energy efficiency compared to the single-stage fully-digital
precoding (FDP) by means of the reduced number of RF
chains. Moreover, the angular-based HP improves the sum-
rate capacity with respect to its two-stage HP counterparts
as eigen-beamforming based HP [40], block-diagonalization
based HP [39], non-orthogonal angle space based HP [35].
In [42], the fully-connected and sub-connected hybrid archi-
tectures are analyzed for the angular-based HP technique.
Then, a swarm intelligence based power allocation algorithm
is proposed to further enhance the sum-rate capacity in [43].
Afterwards, the angular-based HP technique is extended for
the multi-cell systems in [44], where the downlink coop-
eration strategies are proposed to mitigate the inter-cell
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TABLE 1. State-of-the-art for the precoding/combining techniques in full-duplex massive MIMO systems.

Reference Transmission Mode Precoder/Combiner Design CSI Overhead SIC without Instantaneous
Full-Duplex | Half-Duplex Hybrid ‘ Digital ‘ Analog Full Low SI Channel Knowledge
[34]1-[38] v v v
[39]-[45] v v v
[19]-[21] v v
[22] v v v
[23]-[27] v v v
This Paper v v v v

interference. Considering both downlink and uplink transmis-
sion in the massive MIMO systems, an angular-based HPC
technique is also proposed in [45], where the effect of low-
resolution digital-to-analog and analog-to-digital converters
is also investigated.

Recently, the precoding/combining techniques are also
studied for the full-duplex communication systems
in [19]-[27]. First, the performance of full-duplex MIMO
and massive MIMO systems is investigated for the FDPC
architecture in [19]-[21], where the promising results imply
that full-duplex systems can outperform its half-duplex coun-
terpart. Then, the FAPC architecture is designed for the
full-duplex massive MIMO systems in [22], where the
performance gap between the fully-digital and fully-analog
structure is represented. Afterwards, the HPC structure is
built for the full-duplex massive MIMO systems in [23], [24],
where the authors assume the availability of perfect SI chan-
nel knowledge for the SIC algorithm. The full-duplex relay
backhaul system is considered in [25], where the SIC algo-
rithm aims to mitigate the SI component via the HPC design
based on the perfect SI channel knowledge. Similarly, [26]
also investigates the full-duplex relay system, whereas, the
residual SI channel is modeled as Gaussian noise. The effect
of low-resolution phase-shifters at the RF-stage of HPC is
analyzed in [27], where the numerical results show that when
25 dB SIC is provided by antenna isolation, the HPC with
1-bit phase-shifters can improve the total SIC up to 44 dB.
It is worthwhile to note that the availability of full instanta-
neous CSI is needed for all above-mentioned FDPC, FAPC
and HPC architectures developed for the full-duplex massive
MIMO systems.

B. CONTRIBUTION AND ORGANIZATION

This paper proposes a novel angular-based joint HPC (AB-
JHPC) technique for the full-duplex mmWave massive
MIMO systems. The proposed AB-JHPC mainly targets to
(i) improve the quality of SIC, (ii) enhance the power of
desired/intended signal, (iii) decrease the CSI overhead size,
(iv) reduce the hardware cost/complexity and power con-
sumption by employing less number of RF chains. Table 1
provides a detailed comparison of this work with respect to
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the state-of-the-art. The main contributions of this paper are
summarized as follows:

« Proposed Hybrid Precoding/Combining Technique:
Considering both transmission/reception and hybrid
architecture, we aim to design four sub-blocks in
the AB-JHPC technique: (i) BB precoder, (ii) BB
combiner, (iii) transmit RF beamformer, (iv) receive
RF beamformer. The transmit/receive RF beamformer
are built by the low-cost phase-shifters, which induces
the constant modulus (CM) constraint at the RF-stage
design. Therefore, the optimization problem for the
total achievable-rate becomes non-convex due to the
CM constraint. Thus, the optimization problem in
the proposed AB-JHPC is divided into two steps: (i)
joint RF beamformer, (ii) BB precoder/combiner.

o RF Beamformer: In order to maximize the
desired/intended signal power while suppressing
the SI power, the transmit/receive RF beamformers
are constructed via the slow time-varying AoD/AoA
information. Hence, the RF-stage design does not
require any instantaneous channel knowledge. For
improving the quality of SIC, the joint RF beamformer
generates the orthogonal transmit/receive beams span-
ning (excluding) the AoD/AoA support of intended (SI)
channel. As presented in Section VI and in Table 4,
the proposed RF-stage design is capable of decreasing
the CSI overhead size by 99.8%.

« BB Precoder & BB Combiner: After developing the
transmit/receive RF beamformers, the BB-stage is
designed via the reduced-size effective intended channel
seen from the BB-stage. First, the BB precoder and BB
combiner are constructed via the well-known singular
value decomposition (SVD). Also, a new semi-blind
minimum mean square error (S-MMSE) algorithm is
proposed for the BB combiner. It is classified as semi-
blind because the S-MMSE algorithm uses only the fast
time-varying effective intended channel coefficients. In
other words, the S-MMSE algorithm does not depend
on the fast time-varying SI channel coefficients, which
might be impractical to be perfectly estimated. Instead,
similar to the RF-stage design, the S-MMSE-based BB
combiner employs the AoA support of the SI channel
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TABLE 2. List of abbreviations.

2D Two-dimensional HPC Hybrid precoding/combining

3D Three-dimensional ISI Inter-symbol interference

3GPP Third generation partnership project LoS Line-of-sight

5G Fifth generation MIMO Multiple-input multiple-output
AB-HPC | Angular-based HPC MMSE | Minimum mean square error
AB-JHPC | Angular-based joint HPC mMTC | Massive machine-type communications
AoA Angle-of-arrival mmWave | Millimeter wave

AoD Angle-of-departure MSE Mean square error

B5G Beyond 5G NLoS Non-line-of-sight

BB Baseband PSD Power spectral density

CM Constant modulus RF Radio frequency

CSI Channel state information S-MMSE | Semi-blind minimum mean square error
eMBB Enhanced mobile broadband SI Self-interference

FAPC Fully analog precoding/combining SIC Self-interference cancellation

FDP Fully digital precoding SVD Singular value decomposition

FDPC Fully digital precoding/combining ULA Uniform linear array

HP Hybrid precoding URA Uniform rectangular array

as the slow time-varying channel parameters. Numerical
results demonstrate that the proposed S-MMSE-based
BB combiner enhances the quality of SIC and provides
superior achievable-rate performance compared to the
SVD-based BB combiner.

« Self-Interference Cancellation: The illustrative results
show that the SI channel is greatly suppressed via the
proposed joint transmit/receive RF beamformer design.
It is seen that the power of far-field (near-field) SI
channel is canceled by 81.5 dB (44.5 dB) after the
joint RF beamformer design, while it preserves most
of the intended channel power with only 2 dB degra-
dation. Considering the SI occurred at a given data
stream, we observe 85.7 dB SIC is achieved via only
the AB-JHPC technique without applying any antenna
isolation. Moreover, the total amount of SIC can be
enhanced further enhanced via the advanced antenna
isolation technique. After applying the proposed AB-
JHPC technique, we monitor a near-linear relationship
between the antenna isolation and the total amount of
SIC.

o Full-Duplex vs. Half-Duplex: The proposed full-
duplex mmWave massive MIMO systems remarkably
outperform its half-duplex counterpart in terms of total
achievable rate capacity as the number of antennas and
the antenna isolation based SIC increase. However, the
full-duplex to half-duplex ratio gain slightly decreases
as the number of data streams increases due to the
enhanced SI power.

The rest of this paper is organized as follows. The
system and channel models are introduced in Section II and
Section III, respectively In Section IV, we develop the trans-
mit/receive RF beamformer and BB precoder/combiner in the
proposed AB-JHPC technique for the full-duplex mmWave
massive MIMO systems. Section V expresses the transfer
block architecture to further reduce the number of RF chains.
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The illustrative results are provided in Section VI. Finally,
the paper is concluded in Section VII. Table 2 summarizes
the various abbreviations used in this paper. For improving
the clarity of mathematical exposition, the frequently-used
symbols are listed in Table 3.

Notation: Bold upper/lower case letters denote matri-
ces/vectors. (-)*, ()T, ()F || - |2 and | - || represent the
complex conjugate, the transpose, the conjugate transpose,
the 2-norm and the Frobenius norm of a vector or matrix,
respectively. Ig, E{-}, tr(-) and Z(-) stand for K x K iden-
tity matrix, the expectation operator, the trace operator and
the argument of a complex number, respectively. X(m, n)
denotes the element at the intersection of m™ row and n'
column. X®Y denotes the Kronecker product of two matri-
ces X and Y. We use x ~ CN(0,0) when x is a complex
Gaussian random variable with zero-mean and variance o.
We use the ramp function as (x)* = max (0, x).

Il. SYSTEM MODEL

Figure 1 illustrates the system model for the full-duplex
mmWave massive MIMO systems, where both nodes employ
the HPC architecture and operate in full-duplex transmission
mode. Hence, two-way data transmission and reception oper-
ations are simultaneously performed over the same frequency
band. As one of the practical applications of the proposed
system model, the wireless backhaul links can be consid-
ered for connecting the multiple macro-cell base stations
with large antenna arrays [25], [46]. The wireless backhaul
links can also connect the macro-cell and small-cell base sta-
tions to enhance the cell-edge performance [47]. Moreover,
as specified in 3GPP standards, the massive MIMO cellular
systems have the ability to switch between point-to-point
(single-user) and multi-user transmission [48]. Therefore,
the proposed system model has also practical applicabil-
ity considering the point-to-point massive MIMO cellular
systems.
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TABLE 3. List of frequently-used symbols.

i,j Node index (i,j € {1,2}, i # j) B;; € CNt.:XS: | BB precoder

My # of transmit antenna B,; € CSi*Nri BB combiner

My ; # of receive antenna F:; € CM¢,ixNt,i | Transmit RF beamformer

Ny ; # of transmit RF chains F,.;¢c CNri%Mri | Receive RF beamformer

Ny ; # of receive RF chains G; € ClixLi Diagonal path gain matrix

S; # of data streams P € CLix My, Transmit phase response matrix

Pr Transmission power &, ; € CMrjxLi | Receive phase response matrix

H,; € CMr.jx My Intended channel L; = Z?:ll Lc; # of paths

H; € CNrij X Neyi Effective intended channel C; # of scattering-clusters

Hgp; € CMr,i*Me,5 | ST channel 95{2, 92 Mean elevation and azimuth AoA

Hsr,i € CNri XNy Effective SI channel 9&2, ifz Mean elevation and azimuth AoD

Hies,; € CNri*Nti | Near-field SI channel 63,’6(3. ), 6;‘1 ’C<j ) Elevation and azimuth AoA spread

Hnios,s € CNr,ixNt,i | Far-field SI channel (5?7’6(1), 5;"‘;” Elevation and azimuth AoD spread

Node 1 Node 2
o o i . .
Hybrid Precoding Hybrid Precoding
) A = 72
3 RF [ RF |
Chain
St By |iN P M,y M2 Not| B[S
- Y e
Chain N\ / Chain
BB-Stage \ ! BB-Stage
Antenna |\ [ Antenna
’/l ‘\\
RF L~ RF
= Y o« 7Y =
S»il B |:N, M, Hoo My Noi| B[S
| N E >
BB-Stage — k Q RF-Stage Chain BB-Stage
Hybrid Combining Hybrid Combining

FIGURE 1. Full-duplex mmWave massive MIMO systems with HPC architecture.

As seen from Figure 1, when the node i transmits data to
the node j (i, j € {1, 2} and i # j), the corresponding intended
channel matrix between them is denoted as H; € CMrj*Mui,
Moreover, Hsy ; € CMri*M:j represents the ST channel at the
node i due to the full-duplex transmission. According to the
HPC architecture, four sub-blocks are placed at each node: (i)
the BB precoder B, ; € CN.ixSi (ii) the BB combiner B, e
CSi*Nri (iii) the transmit RF beamformer F,; € CM:uixNui
and (iv) the receive RF beamformer F,; € CNri*Mri At
the node i, the transmitter and receiver are equipped with
a uniform rectangular array (URA)! having M;; = Mt(i.) X
Mt(i.) and M, ; = Mffi) X Mfyl) antennas, respectively. Here,
Mt(f? (Mfi) ) and Mg) (Miy.) ) represent the transmit (receive)

1
s

1. It is worthwhile to note that although uniform linear arrays
(ULA) is widely investigated in the literature due to its simple structure
(e.g., in [20]-[27], [34]-[36]), URA is more advantageous in practi-
cal deployment by fitting antennas on two-dimensional (2D) grid as
shown in [38], [40]-[45], [49]. Moreover, the URA structure enables three-
dimensional (3D) beamforming by utilizing both azimuth and elevation
angles, which is not possible for ULA [50].
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antennas along x-axis and y-axis, respectively. As shown in
Figure 1, an antenna isolation block is placed between the
transmit and receive URAs for the propagation domain SIC
techniques.> The BB precoder and transmit RF beamformer
are connected via N;; RF chains at the node i. Similarly,
N;,i RF chains connect the BB combiner and receive RF
beamformer. Therefore, there are M; = M, ; + M, ; antennas
and N; = N;;+ N, ; RF chains at the node i. Additionally, S;
denotes the number of parallel data streams transmitted from
the node i to the node j. In order to support S; parallel data
streams, it is necessary to satisfy that S; < min(N,;, N, ;).
On the other hand, to reduce the hardware cost/complexity
of the full-duplex mmWave massive MIMO systems with
large antenna arrays, the number of RF chains at each node
is significantly smaller than the number of antennas (i.e.,

2. The antenna isolation based SIC techniques have been investigated in
the literature (e.g., in [13]-[18]). For instance, the numerical results in [17]
and [18] show that the antenna isolation can provide 60 dB and 74 dB SIC,
respectively. The design of antenna isolation block is beyond the scope of
this paper.
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N;i < M;; and N,; < M, ;). It is important to note that
when the point-to-point massive MIMO cellular system is
considered for the proposed system model, the user node
with few antenna elements has the flexibility of using either
FDPC or HPC. In this special case, the user node using
FDPC simply chooses the transmit/receive RF beamformers
as identity matrices (i.e., Fy; = Iy, and F,; = Iy, ).

According to the HPC architecture, the precoded signal
vector at the node i is defined as s; = F;;B;;d; € CMui
where d; € C5 is the data vector encoded by i.i.d. Gaussian
codebooks (i.e., i.i.d. entries of d; follow the distribution of
CN(0, 1), so we have E{did?} = Is;). The precoded signal
is transmitted by the node i, which satisfies a transmit power
constraint Pr (i.e., ]E{||s,~||%} < Pr). Then, the received signal
by the node j is given by:

rj = H;s; + Hgyjsj +w;
= H;F,;B,;d; + Hsy;F,;B;;jd; + w;, (L
——

Intended Signal Noise

where w; ~ CN (0, UV%IMW-) is the complex circularly sym-
metric Gaussian noise vector. After the hybrid combiner at
the node j, the combined signal can be written as follows:

Self - Interference(SI)

rj = B, ;F, r;
=B,j/H;B,d; + B,;jHs ;B ;d; + B, ;F,;jw;, (2)
——

Intended Signal  Self - Interference(SI)  Modified Noise

where H; = F,jHF,; € CVo>*Ni and Hgy =
F, HsjF;; € CNwi*Nij are respectively the reduced-size
effective intended and SI channels seen from the BB-stages.
Particularly, the combined signal at the k™ data stream with
k=1,...,S; is given by:

S.
~ H t H
Fik = b Hibiixdin+ ) gtk Prik TiPLigdig
—_————

Intended Signal

Inter-Symbol Interference(ISI)

bfj’kHSI,,-Bt,jdj + bf{j’ Wi, (3)

Self - Interference(SI)  Modified Noise

where by € CNi is the k™ column of BB precoder By ;
and bj ,x € CY is the k™ row of BB combiner B; .. Here,
the inter-symbol interference (ISI) can be well mitigated via
the BB-stage design [36]. However, the strong SI term given
in (2) and (3) can be classified as the major limiting factor
for the full-duplex communications. Thus, during the HPC
design, we aim to both maximize the intended signal power
(.e., ||Br,jF,,jH,-F,,,-B[,,-d,-||%) and suppress the SI power (i.e.,
||B,,jF,’jHSLthJB,’jdj||§). Therefore, a joint HPC design is
needed to improve the performance of full-duplex mmWave
massive MIMO systems. Regarding the SIC algorithm, the
RF beamformers should satisfy the following condition as:

Hsij =F, jHs jF;j ~ 0. %)

The above approximate zero-condition can be achieved via
the joint transmit/receive RF beamformer design. It is worth-
while to remark that the SI terms given in (2) and (3) do
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not exist, when the half-duplex communications is employed
at each node. By using the combined signal at the node j
given in (2), the covariance matrix of the combined SI and
modified noise is given by:

Crorj = E| ¥, — B, /H;B, d))(F; — B, /H;B, ,-d,-)”]

=B, /Hs1B B HG Bl + 0B, F, FILBY. (5)
By using (2) and (5), the average achievable rate at the
node j for the proposed full-duplex mmWave massive MIMO

systems is derived as follows:

Ry = E{log, I, + €| By, B
s.t.H,-—Fr,,-HiFt,ie(chth«f, i,je (1,2}, i#j, (6b)

Hq HpH
B i H; B

1 1
|Ft,i(mv ’l)| = \/T” F, j(m, n)| = Mr,j,‘v’m, n, (6¢)
E{[si[3} = (. B, BIFT) < Pr, 6d)

where (6b) is the effective channel matrix from the node
i to the node j, (6¢) indicates the CM property due to the
utilization of phase-shifters at the RF-stages as shown in
Figure 1, (6d) implies the maximum transmit power con-
straint P7. Then, the total achievable rate in the proposed
full-duplex mmWave massive MIMO system is given by:

Riotal = Ry + Ry [bps/Hz]. 7

As seen from (5), (6) and (7), it is necessary to jointly
construct the BB precoder, transmit RF beamformer, receive
RF beamformer and BB combiner during the HPC design
for enhancing the overall system capacity while improving
the quality of SIC. The proposed joint HPC technique is
presented in Section IV.

lll. CHANNEL MODEL

As illustrated in Figure 1, it is necessary to individually
model both intended channel H; and SI channel Hgy ;. Hence,
we model both ot them throughout this section.

A. INTENDED CHANNEL

Owing to the limited-scattering propagation environment, the
mmWave channels experience only a few spatial paths differ-
ent from the conventional rich-scattering channels [7]. Thus,
the intended channel from the node i to the node j is mod-

eled by C; scattering-clusters and L. ; paths in the ¢ cluster
with ¢ = 1,2,...,C;. In total, there are L; = Y L,

paths between the transmitter and receiver. Considering the
3D geometry-based mmWave channel model [51] and the
URA structure [52], the channel matrix from the node i to
the node j can be written as:

c L

@ O
H; —szlclglc,%](y,(’?l,y,q) 11<Vt)él»yzc,>

c=1 I=1
=®,,G;®,;;, ®)

where ;. and g; ~ CN(0, L) are respectively the dlS-

tance and complex path gain of the I path in the ¢
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cluster with the path index of ¢, = [ + Z (’)
(x)

is the path loss exponent, ¢, ;(Vu.¢» Vu, C,) € CM'“ w1th
u € {t,r} is either the receive phase response vector for
u = r or the transmit phase response vector for u = f,
G, = diag(r;l"gi’l, ces rl.TL’?gi’Ll_) € CLixLi is the diagonal
path gain matrix, ®,; € C"rJ *Li and P,; c CLi*Mii gre the
receive and transmit phase response matrices, respectively.
Then, the phase response vector is defined as:

T
¢u z(yx» Vy) |:1 elzﬂdyx o, ei2nd(Ml(4‘3_1)yx:|

T
, ; 8}
® [1’ ey eIZHd(Mu.i_l)V)’:|’ ueft,r},9)
where d is the distance between two antenna elements nor-
malized by the wavelength. By using (8) and (9), the receive
phase response matrix at node j and transmit phase response
matrix at node i are respectively given by:

H
H{, © O @ ,m
ryj(yr,xl ’ Vr,yl) tl(yt); Vi )
@, ;= : , @i = . (10)
) ) () )
r,(yrxL, 7)) “(Vﬁi 7))
At the node ] as the recelver yr(t), = s1n(9, L,) cos(wr L,) and
()

Vridp = sm(@r CI) s1n(w, C,) are the coefficients carrying the
elevation AoA and azimuth AoA parameters of the /”* path

in the ¢ cluster, where 0,(121 [9(’) — 8%’),9(’) 8, (’)]
with mean elevation AQA 9,02 _and elevatlon AoA spread
8%’), and Wr a € [df 51// (’), -I—SW (’)] with mean

azimuth AoA 1//,2 and azimuth AoA spread 81&(_’). Similarly,
at the node i as the transmitter, y,()g = s1n(0,€’c)l)cos(wl(,'c)l)
and y, Cl = sin(@,{?l)sin(l/ftslgl) reflect the elevation AoD
and azimuth AoD information of the /" path in the ¢
cluster, where Gt(lc), 102 — 600,61 + 5. with mean

and elevation AoD spread &, (’)

elevation AoD 6’(’)
vl el 9 _ 8;// L(Z) ¥ 4+ 5.1 with mean az1muth AoD
5;& ,(@)
,c

, and

t(fc) and azimuth AoD spread

As in [39]-[41], [44], [45], we consider that the intended
channel has two parts: (i) fast time-varying instantaneous
CSI as given in (8) and (ii) slow time-varying phase response
matrices based on AoD/AoA information expressed in (10).

B. SELF-INTERFERENCE CHANNEL

According to the two -way full-duplex transmission, the SI
channel matrix HSI is present at the node i. The transmit and
receive URAs at each node are placed next to each other
as illustrated in Figure 2, where D; (Dj) is the distance
between the transmit and receive URAs along x-axis (z-axis)

® Transmit Antenna
e Receive Antenna

FIGURE 2. Illlustration of transmit and receive URAs with the near-field and far-field
Sl channels based on LoS and NLoS paths.

normalized by the wavelength, ® is the rotation angle of
URA around y-axis.

As discussed earlier, the antenna isolation block is also
included to suppress the SI channel power, especially the
strong near-field effect (see Figure 1). However, it cannot
completely remove the near-field SI channel [18]. Hence, as
demonstrated in Figure 2, the SI channel is composed of
two parts: (i) the residual near-field SI channel representing
the direct line-of-sight (LoS) paths after the antenna isola-
tion based SIC, (ii) the far-field SI channel representing the
reflected non-line-of-sight (NLoS) paths [23]-[25]. Here, we
first define the complete SI channel matrix at the node i as:

(1)

where Hios; € CMni*Mii is the residual near-field SI
component and Hnpos; € CMri>*Mii is the far-field SI
component. The channel model given in (8) assumes the
planar wavefront, which requires two communication nodes
to be far apart. It makes the aforementioned channel model
given in (8) an unrealistic model for Hi,s ;. Based on
the spherical wave propagation model, the near-field SI
channel is modeled for the ULA structure in [23]-[25].
According to the transmit and receive URAs demonstrated
in Figure 2, the residual near-field SI channel between
the (m,n)" transmit and (u, v)™ receive antenna pair at

M, ixM,
Hsi; = Hios,i + Hnpos,i € CYri7Med,

HLoS,i([(“ — 1)M§f§ + v], [(m — DM:,@:') + n]) =

K .
e_JZ”A(m,n)ﬁ(u,v) (12)

A mm)— ()

Ay () = \/ [(u — 1dsin(®) + Da]* + [(m — 1)d + (u — 1)d cos(®) + D1]* + [(n — v)d]?

13)
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the node i is defined as in (12), as shown at the bottom
of the previous page, where « is the normalization scalar
so that 10log,o(E{|HLos|3}) = —Pisas, Pisas is the
SIC in dB achieved by the antenna isolation,® A . n)— (u.v)
is the distance between the (m,n)™ transmit and (u, v)™
receive antenna pair normalized by the wavelength. By using
Figure 2, the distance between the antenna elements is
obtained as in (13), as shown at the bottom of the previous
page.

Regarding the far-field SI channel Hnpos,; given in (11),
we utilize the 3D geometry-based mmWave channel model
because the plane wave propagation model is suitable for the
NLoS paths. By using (8) and (10), the far-field SI channel
at the node i can be written as:

HNLos.i = ®s1.r.iGsLiPs1.1.is (14)
where Gg; = diag(ts_lf'i,lgsu’l, o TS_I,ni,LSIgSLi,LSI) €
CLsixLs is the diagonal path gain matrix with Lgy paths, TSLi.l
and gsr.;; ~ CN(O, LLSI) are the distance and complex path
gain of the " NLoS path, respectively, ®sy,; € CYrixLsi
and ®g1;; € CLsi*M:i gre the receive and transmit phase
response matrices for the far-field SI channel, respectively.
In order to generate the phase response matrices as expressed
in (10), we first consider Cg scattering-clusters for the NLoS
paths. Then, the mean elevation and azimuth AoA (AoD) of

paths inside the ¢ cluster are defined as 95('1) re (QS(?J’ ) and

1/f§? e (1/f§? . ¢)» respectively. Also, the corresponding ele-

vation and azimuth AoA (AoD) spread are given as Bgi(?c

6, NG X .
(8515;?6) and 8;1/1’51’)0 (551’(;)0), respectively.

IV. JOINT HYBRID PRECODING/COMBINING

In this section, the proposed angular-based joint hybrid
precoding/combining (AB-JHPC) technique is developed for
the full-duplex mmWave massive MIMO systems. Here, we
have four ultimate objectives: (i) enhance the quality of SIC,
(i) maximize the intended signal power, (iii) decrease the CSI
overhead size, (iv) reduce the hardware cost/complexity by
employing less number of RF chains. Thus, we first intro-
duce the transmit and receive RF beamformer design based
on the slow time-varying AoD/AoA information, where we
aim to maximize the beamforming gain for the intended sig-
nal and suppress the SI signal (please see (4)). Afterwards,
the transmit BB precoder and receive BB combiner are built
via the reduced-size effective CSI seen from the BB-stage,
where we employ SVD and S-MMSE based algorithms.

A. RF-STAGE DESIGN
The primary target at the RF-stage design is to maximize the
beamforming gain for the intended signal expressed in (2).

3. When Pig gg = 0 dB inferring no antenna isolation, the near-field SI
channel has the unity power on average as E{||HLos,i||12r} = 1. Additionally,
if Pigqg = 30 dB SIC is achieved by the antenna isolation, the average

power of the residual near-field SI channel is calculated as E{|/Hpos, i\l%} =
0.001.
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By using (8), the effective intended channel is rewritten as:

H; =F, ;H;F,; =F,;®,;G;® ;F,;. (15)

In order to maximize the transmit (receive) beamforming
gain and exploit all degrees of freedom provided by the
intended channel, the columns of F;; (F, ;) should belong to
the subspace spanned by ®,; (®, ;). Thus, we should satisfy
Span(F¢;) C Span(®;) and Span(F;) C Span(®,;). Here,
it is worthwhile to mention that the transmit (receive) phase
response matrix ®;; (®, ;) is a function of slow time-varying
AoD (AoA) information (please see (10)). For assuring the
primary target, AoD and AoA support for the intended chan-
nel from the node i to the node j are respectively defined
as follows:

A0D; = {[12: 1] = sin@lcos (). sin(¥)1|o € b

Vel (162)
AoA; = {[71. 1] = sin(@)[cos(w), sin(w)1[6 € 6,
(/S 1/fr,,-}, (16b)

where 0;; = UE:1[9t(,lc) - 559,’6([), 9,(,2 + 52'5(1)] and ¢¥,; =
v, [I/f;(fc) - 8;{’ 0, ,('2 + 8;{/ "] denote the elevation and
azimuth AoD supports of the intended channel at the node i,
respectively. Similarly, 0, ; = Ule [65{2 - 8%’), 9,(12 + Sf,’c(’)
and w,,j = Ule[wr(fl —8%3(’), r(,’Z-—i—S;p‘;-(’)] represent the
elevation and azimuth AoA supports of the intended channel
at the node j, respectively.

On the other hand, the secondary target at the RF-stage
design is to suppress the effective SI channel power by
satisfying the approximate zero condition given in (4). By
substituting (12) and (11) into (4), the effective SI channel

at the node j is also rewritten as:
Hsij = F, jHsi jFrj = F, j(Hnposj + Hios ) Frj
= F, j®s1.,j Gs1j Ps11jFrj+ FrjHios jFi; ~ 0, (17)
——— —_— ————

Transmit
Beamforming

Receive
Beamforming

Suppressed via
Antenna Isolation

where the approximate zero condition can be achieved via
the joint design of the receive RF beamformer F, ; and the
transmit RF beamformer F, ;. Here, the effective SI channel
has two components representing the LoS and NLoS paths.
As discussed in Section III-B, the LoS path reflecting the
strong near-field SI channel is suppressed via the antenna
isolation based SIC techniques [13]-[18]. However, after
the canceling strong near-field SI channel, the NLoS paths
reflecting the far-field SI channel become more dominant.*
Hence, the secondary target can be accomplished when the
columns of F,; (F,;) should belong to the null space of
®g1,1j (Ps1,rj)- In other words, the secondary target requires

4. The experimental results in [18] show that 74 dB SIC is achieved by
antenna isolation measured in the anechoic chamber as a low-reflection envi-
ronment. However, the SIC is reduced to 44 dB in the reflective room. The
main reason considering 30 dB decrease of SIC is owing to the dominant
reflected paths (i.e., NLoS paths).
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Span(F; ;) C Null(®s1,;) and Span(F, ;) C Null(®gy,,;). For
addressing the secondary target, we also define the AoD and
AoA supports of the SI channel at the node j:

AoDsyj = {lyx, vyl = sin(@)[cos(¥), sin(¥)]1|0 € Osvri» ¥ € ¥y}

(18a)
AoAgyj = {[yx, vyl = sin(@)[cos(¥), sin(¥)]|0 € Os1,rj, ¥ € Y1, i}
(18b)
where g0y = UC, 108, — 840, 60, + 5001 and
¥siy = Yo Wé?t,c—%”f’g)c, wé?’,’c+5gf’g)c] denote
the elevation and azimuth AoD supports of the SI

channel at the node j, respectively. Also, fgy, ;

c () 0,G) () 0,() _ . (C
Uc:'l [QSI,r,c - .(SSI,r,c.’ QSI,r,c + §SI,r,c] and ‘/ISLVJ' - Uc:l
[wgl)r — Sépl’_y)c, I/IS(II)r .t égfl’ (r’)c] represent the elevation and

azimuth AoA supports of the SI channel at the node j,
respectively.

For satisfying both the primary and secondary targets, the
transmit/receive RF beamformers should cover the angu-
lar support of the intended channel given in (16) while
excluding the angular support of the SI channel given
in (18). For this purpose, according to the phase response
vectors expressed in (9), we first define the transmit and

receive steering vectors as e ;(yx, ¥y) = ﬁd)m(yx, )
N

and e, ;(yy, 1y) = ﬁ:pj’i(yx, ¥y), respectively. Then, we

define the orthogonal quantized angle-pairs (kft’f?’k, )\fty ") as:
2k —1
WK 14 = vk=1,... MY, (199)
, (x) .t
Mu,i
2n —1
¥),n )}
hpit =l — Yn=1o My, (19b)
Mu,i

where u € {t, r} represents either the transmitter side for
u = t or the receiver side for u = r. The orthogonality
property of the quantized angle-pairs generates M, ; orthog-
onal transmit steering vectors and M, ; orthogonal receive
steering vectors (i.e., ei{i()»Sf?’k)nff?’")eu,i(kifg’klkif?’"/) =0
for u € {t,r}, Y(k,n) # (K',n")). Furthermore, the quan-
tized angle-pairs defined in (19) produces the minimum
number of angle-pairs in order to cover the complete 3D
angular support [41]. Tt also reduces the number of RF
chain utilization, while exploiting all degrees of freedom pro-
vided by the intended channel (i.e., Span(F;;) C Span(®; ;)
and Span(F,;) C Span(®,;)). Hence, the primary target

is satisfied, when we develop the transmit and receive RF
beamformers by utilizing the corresponding steering vector
with the quantized angle-pairs as (Al(i-)’k, Al(f;-)’") € AoD; and
(Aﬁf?’k, )»S?’") € AoA,;, respectively.

On the other hand, when the transmit RF beamformer
is built via the transmit steering vector e ;(-,-) with any
quantized angle-pairs satisfying both ()Lg?’k, )Lff?’”) € AoD;
and ()»f’xi)’k, )»f,yi)’") ¢ AoDgy;, one can show that each ele-
ment of the multiplication given in (20), as shown at the
bottom of the page, asymptotically converges to 0 for large
transmit URAs as in the massive MIMO systems [41, eq.
(16)]. Similarly, this behavior is also valid for the receive
RF beamformer design. Thus, the approximate zero condi-
tion given in (17) can be satisfied by choosing the quantized
angle-pairs outside of the AoD/AoA support of SI channel,
which also ensures the secondary target. In other words, as
the antenna array size increases, the corresponding quan-
tized angle-pairs assures both Span(F, ;) C Null(®sy,;,;) and
Span(F, ;) C Null(®sy,,;), which are earlier defined as the
necessary conditions for the secondary target.

In order to meet the primary and secondary targets, a joint
design of transmit/receive RF beamformers is required based
on the AoD/AoA support of the intended and SI channels.
For the transmit RF beamformer at the node i, the quantized
angle-pairs covering the AoD support of the intended channel
H; given in (16a) and excluding the AoD support of the SI
channel Hsy; given in (18a) are found as:

(x).k O).n
Dk - O Ve €Ay EAT
(200 @
(y)ﬁ Vy) € AODi7 (Vx, Vy) ¢ AODSI,i7
where ASA = S 4 GOK L ang A=
' N Mg My ’
[ —Aﬁ, Si)’n + lﬁ] represent the boundaries of )Lfi.)’k

1 i

and )»l(i.)’", respectively. Here, (21) implies that if any (yx, yy)
angle-pairs inside the boundaries of )»t(_)?’k and )\f,yi)’" is both
within AoD; and outside of AoDsj ;, then the corresponding
quantized angle-pair (kf’xl.)’k, )&f’)?’n) is utilized for the transmit
RF beamformer design. We consider that there are N; ; quan-
tized angle-pairs satisfying (21), which also represents the
number of orthogonal-beams and the number of RF chains
at the transmitter of the node i (please see Figure 1). Finally,
by using (19) and (21), the transmit RF beamformer at the

YO
M M7 k Nk
st 5t g (o (7 =)
1 My—=1 My=1
o 3™k 5 O)nY _
stigeni(M) 20" ) = (20)
VMii |l
M MG Wk__ Ok__©)
. Z 612Nd[mx()"v"v 7yva51)+m~V<)Lfvi' 7yvas1)]
L Mx=1 My=| _

762

VOLUME 2, 2021



‘IEEES IEEE Open Journal of the
Com3oc  communications Society

node i is obtained as follows:

, Wiy, . O
F,,,-=[et,i(xfj*k‘,xffi)*”‘),...,e (A,XZ R N")}.(zz)

Similarly, regarding the receive RF beamformer at the node
J» the quantized angle-pairs covering the AoA support of the
intended channel H; given in (16b) and excluding the AoA
support of the SI channel Hgy; given in (18b) are found as:

k (§)8
Yx € kng) Yy € lgj "

@),k 4 )1
() (23)
(vx. vv) € A0A;, (¥x, ¥y) ¢ AoAgy,
0.k @)k (x) k 1
where A [ ixt) JATT ME?] and
x(y.)’" = [/\(y.)’" 1(\) , A(y) g 1@] indicate the boundaries

of A(x) k and A(y) " respectlvely By assuming N, ; quantized
angle pairs sat1sfy1ng (23), the receive RF beamformer at
the node j is derived as:

_ (x) ki (v) n @y, 0y, \ T
Fryj— € )» )» N )\ rj )‘r,j

(24)

The RF-stage design for the proposed AB-JHPC technique
is summarized in Algorithm 1. It is important to mention
that the transmit and receive RF beamformers developed in
this section follow the CM property given in (6¢), which
makes it possible to design the RF-stage via the low-
cost phase-shifters as illustrated in Figure 1. By means
of the quantized angle-pairs defined in (19), the transmit
and receive RF beamformers at the node i can be con-
structed via the phase-shifters with log, (M; ;) and log, (M, ;)
bit resolution, respectively. Furthermore, as expressed in
Algorithm 1, the RF-stage design does not require the fast
time-varying instantaneous CSI and it is only based on
the slow time-varying AoD/AoA information. Particularly,
the design of transmit (receive) RF beamformer requires
only four angular parameters, which are the mean of eleva-
tion and azimuth AoD (AoA) and their spread.5 Also, F;;
and FX. are tall unitary matrices (i.e., FZF,J = Iy,;, Fri

r,i

Fl =1y, ).

B. BB-STAGE DESIGN

According to the proposed RF-stage design, the reduced-size
effective intended channel H; is utilized for the BB-stage
design. In contrast to [23], [24], the proposed BB-stage
design does not require the instantaneous SI channel knowl-
edge because the perfect estimation of SI channel could be

5. Standard angle estimation techniques requiring online channel sound-
ing can be utilized to track the slow time-varying AoD/AoA parame-
ters [50], [53]. Recently, an offline channel estimation technique is proposed
in [54], where the AoD/A0A parameters are tracked via the geospatial data,
fuzzy c-means algorithm and ray tracing.
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impractical for the full-duplex communications.® Here, we
first develop the BB precoder and BB combiner via the
well-known singular value decomposition (SVD). Then, we
also propose a novel semi-blind minimum mean square error
(S-MMSE) algorithm to further enhance the quality of SIC
provided by the RF-stage.

Let the SVD of H; be defined as H; = U;Z;V¥,

where U; e CNrjxrank(Hi) s 3 tall unitary matrix, %, =
: 2 2 rank(7H;) xrank(H;) ool
d1ag(an’1,...,Gn’mnk(ﬂi)) e R is a diag

onal matrix with the singular values in the decreasing
order, V; € CNeix1ank(H) s 4 tall unitary matrix. Assuming
rank(H;) > S;, we can partition V; and U; as V; =
[Vi1, Vil with V;; € CMi*Si.and U; = [U; 1, U; 2] with
Ui € CNni*Si, respectively According to the well-known
SVD approach [36]—-[38], the BB precoder at the node i and
the BB combiner at the node j are respectively derived as

follows:
1
BYYP = V; P} e CNixSi,
BS\_/D UI‘I1 c CS ><Nr]

(25a)
(25b)

where P; = diag(P;1,...,Pis;) € RS>Si is a diagonal
power allocation matrix with Zi’zl Pin < Pr for the
transmit power constraint given in (6d). By using the well-
known water-filling technique [36], the allocated powers are
obtained as:

2
JR— — W —
P,-,n_(u Pm) , st;(u

For maximizing the power of intended signal and mitigating
the power of ISI expressed in (3), the BB precoder BSVD
optimal as proven in [36], [38]. However, the BB combmer
BSVD is not optimal because it does not consider the effect
of SI and noise present at the receiver node. Hence, we
aim to develop the optimal BB combiner by minimizing the
mean square error (MSE). By using (2), the MSE expression
at the node j is written as follows:

2

+
) = Pr(26)

MSE; = E{ ¥} — d; 3}
@tr(E{f,-f]H — 4 — Hal + da })
(b)

B o e e, o

— B, /HB,; — BIHIBY + Isl) 7)

6. According to the received signal expression given in (1), when the full-
size or reduced-size perfect SI channel knowledge (i.e., Hgj or Hgy ;) is
available at the node j, any of passive antenna isolation, digital or analog SIC
techniques is not necessary for the full-duplex communications. Because
the transmit RF beamformer F; ;, the BB precoder B, ; and the data signal
d; is already available at the node j in addition to the assumption of the
perfect SI channel Hgy ;. Then, we could simply subtract the SI component
Hgy ;F; jB; jd; from the received signal given in (1), which could imply to
doubling the capacity via the full-duplex communications with respect to
the conventional half-duplex communications without any SIC techniques.
However, the SI channel must be estimated through the pilot signals in
practice, therefore, there exists the estimation errors due to the noise as
well as the hardware imperfections [13]-[15], [55]. Thus, it motivates the
development of advanced SIC techniques in the literature [14].
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Algorithm 1 RF-Stage Design

Input: M, i, Myi, {60, ¥'0, 800, 6020}, {050, witd, 678,
1: Define the node index as j € {1, 2}, j #i.

22 fori=1:2, do

3: Build AoD; for the intended channel H; via (16a).

Build AoA; for the intended channel H; via (16b).

Generate the transmit RF beamformer F,; via (22).

R A A A

10: Generate the receive RF beamformer F, ; via (24).
11: end for
Output: F; |, F;», F. 1, F,»

(Sip,g(i)}, fori=1:2and c=1:C.

Build AoDsy; and AoAg;; for the SI channel Hgy; via (18).
Construct the quantized angle-pairs ()\l(xi)’k)nt(xi)’") and (Agxl) ’k)\ixg ’") given in (19).
Find ()Lg?‘k, Agi)’n) pairs covering AoD; and excluding AoDsgj; as in (21).

Find (kgxl) ’k, )»gyl) n) pairs covering AoA; and excluding AoAsy; as in (23).

where (a) is the direct consequence of the linearity property
of trace operator, (b) applies the unitary proper of the trans-
mit RF beamformer (i.e., Ff’IiFt’i = INM.) and E{dile} =Is,.
Here, W; = ]E{HSL]-B,JBZH;J} is a function of the effec-
tive SI channel Hg; ;. Nonetheless, the minimization problem
for the current form of MSE; depends on the effective SI
channel Hgy,j, which is not available at the node j. According
to the SI channel model given in (11), the SI channel has
two parts indicating the LoS paths (i.e., the near-field SI
channel) and NLoS paths (i.e., far-field SI channel). After
applying the antenna separation based SIC, the NLoS paths
become more dominant compared to the LoS paths (i.e.,
Hsij = FrjHg1jFj ~ F, jHnLos jF1j). Hence, in order to
remove the dependency of the instantaneous effective SI
channel, we derive an approximation of W; as:

W, = E{HSI,sz,jBZ-Hng}
(@)

DelF. H . F B BIFIHI . FY
~E[F, Hos Fi B, B E L B

®

E{Fr,j‘I’SI.j,rGSLj‘PSLJ,er,jBr,j

HypH §H H H H
X Br,th,j‘I’SI,j,stLj‘I’SI,j,rFr,j]
© 1

~
TSLJ'LSI

~H ~H

HxyH H
xB, ¥, ;@ Py K
)

F, j®s1),rPsy,F: B

iy (28)

where (a) is obtained via the assumption of dominant NLoS
paths after the antenna separation based SIC, (b) is written
by using (14), (c) is approximated by applying the expecta-
tion operator on the fast time-varying complex path gain
matrix Ggpj, (d) represents the approximation of W; as
Wj. Here, fg;; is the average distance for the NLoS paths,
‘i’sL j and @SI, j,r are the approximated transmit and receive
phase response matrices, respectively. It is worthwhile to
remark that the approximated phase response matrices does
not require the knowledge of exact AoD/AoA pairs. Instead,
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they require the knowledge of AoD/AoA support of the SI
channel defined in (18) as in the RF-stage design (please see
Algorithm 1). Therefore, we generate I:SI random AoD/AoA
pairs inside the AoD/AoA support. Then, we build the
approximated phase response matrices by using (10) and
the corresponding AoD/AoA pairs. By replacing W; with
W; in (27), the MSE expression at the node j can be also
approximated as follows:

MSE; = tr(B, [ 1B, B HI + W, + oLy, [BI

~ B, /B, —BIHI'Bl +15). (29

Now, in addition to the effective intended channel 7H;, the
approximated MSEj only depends the AoD/AoA support of
SI channel. In other words, it is blind to the effective SI
channel Hgy ;. Therefore, the optimization problem for min-
imizing MSEJ- is classified as semi-blind minimum mean
square error (S-MMSE). According to the expressed trans-
mit RF beamformer F;; in (22), receive RF beamformer F, ;
in (24), and BB precoder B,; in (25a), the BB combiner
problem for the proposed S-MMSE algorithm is defined as:

B MMSE (30)

= arg min MSEj.
{8}

In order to find the optimal solution (30), we apply the

differentiation rules for the complex-valid matrices. Then,

the derivative of MSEj with respect to B, ; is obtained as:

IMSE;
B,

=2B,; (HiBt,iBf,IilHﬁ + VAVj to V%INVJ)
2B GD

Finally, we derive the BB combiner B, ; satistying the

S-MMSE criterion defined in (30) (i.e., % = 0) as:
r.j

~ —1
BSMVSE = B0 (1B B HE + W)+ 02ly,) . (32)

Algorithm 2 outlines the BB-stage design for the proposed
AB-JHPC technique.
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Algorithm 2 BB-Stage Design

Input: M, Fyi, Frp (600, w0, 600, 800, ), {600, w600 6027}, for i=1:2 and e=1: C.

1: fori=1:2do

2: Perform SVD as H,‘ZUjEiVIH with V,‘ = [V,',l, Vl‘,z]. and U,‘ = [Ui,lv Ui’Q].

Calculate the power allocation matrix P; via (26).
Generate SVD-based BB precoder B, ; via (25a).
if SVD-based BB combiner, then

Generate BB combiner B, ; via (25b).
else if S-MMSE-based BB combiner, then

Find W; via (28).

R A A

10: Generate BB combiner B, ; via (32).
11: end if

12: end for

Output: B, i, B;», B, 1, B>

Form &)SL./‘J and <i>51,j,, via (10) with random AoD/AoA pairs according to (18).

Ultimately, the RF-stage design explained in Algorithm 1
requires only the slow time-varying AoD/AoA parame-
ters of the intended and SI channels. Then, the BB-stage
design needs only the reduced-size effective intended chan-
nel H;; in addition to the AoD/AoA parameters as seen in
Algorithm 2. Therefore, the proposed AB-JHPC technique
reduces the CSI overhead size from M, ; x M, j to N;; X N,
in comparison to the conventional FDPC.

V. RF CHAIN REDUCTION WITH TRANSFER BLOCK
ARCHITECTURE
As shown in Figure 1, the proposed AB-JHPC technique
utilizes N;; + N,; RF chains at the node i for exploiting
all degrees of freedom provided by the intended channel
while canceling the strong SI channel. Thus, in compari-
son to the conventional FDPC, the number of RF chains is
decreased from M, ; + M, ; to Ny; + N, j, where M;; + M, ;
is a significantly large value for the massive MIMO systems
(ie., Nij <« M;; and N.; < M, ;). In order to further
reduce the hardware cost/complexity and power consump-
tion, we employ a transfer block architecture as demonstrated
in Figure 3, where the number of power-hungry RF chains is
reduced to S; +S; as the minimum value for simultaneously
transmitting §; data streams and receiving S; data streams.
For the hybrid precoding shown in Figure 3(a), the transmit
transfer block T;; € CM.ixSi is placed between the trans-
mit RF beamformer F,; € CM.>Nii and the reduced-size
BB precoder Breg ri € CSi>Si Similarly, the hybrid combin-
ing design shown in Figure 3(b) utilizes the receive transfer
block T, ; € CSi*Nri for connecting the receive RF beam-
former F,; € CNni*Mri and the reduced-size BB combiner
Bred,ri € CS*Si. 1t is seen that each input of T;; and T, ;
is passed through two-pair of phase-shifters and their sum-
mation is transferred to the corresponding output. Therefore,
the modulus of each element in T;; and T, ; varies between
0 and 2.

When the BB precoder B;; is obtained by using (25a),
the optimization problem for the transmit transfer block T ;

VOLUME 2, 2021
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FIGURE 3. Transfer block architecture at node i: (a) hybrid precoding with S; RF
chains, (b) hybrid combining with Sj RF chains.

and the reduced-size BB precoder Byeq;,; is written as:

2
F

[Tl,iv Bred,t,i] = arg min ”Bt,i - TBred|
{TvBred}
s.t.  |T(m, n)| €[0,2],Vm, n

tr(BfngH TBred) <P, (33)

where the constraints refer the modulus of the transmit
transfer block and the maximum transmit power at the trans-
mitter, respectively. By using [41, Lemma 1], the optimal
closed-form solutions are derived as follows:

Ty i(m, n) = <Britnm |:e"ﬂt(~’;l’n) + e‘jﬂt(.'z{l’n>i|,

-1
Breai = (/i) TiBy (34)

where ,3[(’;”") = cos™! (%). Here, it is worthwhile
to remark that the derived closed-form solutions guarantees
the optimality by satisfying B;; = T} iBred.r.i-
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TABLE 4. AB-JHPC vs. FDPC: CSI overhead size, RF chains, phase-shifters.

|| CSIOverhead Size | # of RF Chains

# of Phase Shifters

2 2
FDPC Z Z M,,-’j X Mt,i Z Mt,i + Mr,i -

i=1j#i i=1

AB-JHPC w/out 2 2 2
) >0 > Nirj X Nij > Nii+ Ny > Ny X My + Nes X My

Transfer Block i=1j7#i i=1 i=1
AB-JHPC using 2 2 2

Z Z NT‘»J' X Nt,i Z 251' Z Nzﬂ; X (Mtyi + 257;) + Nr,i X (Mq«ﬂ' + QS]')
Transfer Block i=1j#i i=1 i=1j#i

TABLE 5. Simulation parameters.

# of antennas [56]

Mz = My; = 16 X 16 = 256

Data Streams S1=8S2=4
Path loss exponent [57] n = 3.76
Noise PSD [57] —174 dBm/Hz
Channel bandwidth [57] 10 MHz
Antenna spacing (in wavelength) [56] d=0.5

# of network realizations 2.000

H,;: Distance for paths

T; € [35m, 50m)]

H;: # of paths [56]

L; =20

H;: Mean azimuth AoD/AoA

1) _
. =

315°, 92 =355° || M) = 205°, P = 245°

H,;: Mean elevation AoD/AoA

i) = 6 = 40°

H;: Azimuth/elevation spread [56]

ST 50 _ 0 _ g0 _ g0

Hxios,;: Distance for paths

TS1,i € [5m, 151’1’1}

Hyios,:: # of paths [56]

Lg;1 =20

HnNLos,i: Mean azimuth AoD/AoA

Ysiy = 160° || ), =75°

Hxios,i: Mean elevation AoD/AcA

Hnios,i: Azimuth/elevation spread [56]

St SLr
1, (1) _ ¥,(4) _ £6,(3) _ £0,(i) _
531,1&1 —53)1,7«1 = 551,[ = 551,: =10°

Similarly, after acquiring the BB combiner B, ; via (25b)
for the SVD approach or via (32) for the proposed S-MMSE
algorithm, the optimization problem for the receive transfer
block architecture is defined as:

[Bred,r,i, Tr,i] = arg {BI}:(},I’II‘}”Br’i - BredT”lzv’

s.t.  |T(m,n)| € [0, 2], Vm, n, 35

By using (33) and (34), we obtain the optimal closed-form
solutions as follows:

T, i(m, n) = e/<Britmm [e’ﬂ S e_jﬂﬁf?’n)],

—1
Bred,r,i - Br,ini (Tr,iT5i> s (36)

where ﬁr(f?’") = cos_l(%). The obtained closed-
form solutions also maintain the optimality by satisfying
optimal solutions to (35) (i.e., B, ; = Breq,ri Tr.;). Therefore,
the optimal solutions derived in (34) and (36) enable
the proposed transfer block architecture to minimize the
RF chain utilization without penalizing the achievable rate
performance defined in (6). Moreover, the reduced number
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of power-hungry RF chains enhances the energy efficiency,
which is illustrated in Section VI.

Finally, Table 4 summarizes the CSI overhead size, the
number of RF chains and the number of phase-shifters
requirements for the proposed full-duplex mmWave massive
MIMO systems. We consider the proposed AB-JHPC tech-
nique without the transfer block as shown in Figure 1 and
with the transfer block as shown in Figure 3. Additionally, as
a benchmark, the CSI overhead size and the number of RF
chains for the conventional FDPC is given in Table 4 [32].

VI. ILLUSTRATIVE RESULTS

In this section, we evaluate the performance of the proposed
AB-JHPC technique for the full-duplex mmWave massive
MIMO systems. Based on the recent 3GPP Release 16
specifications in [56], [57], Table 5 summarizes the numer-
ical values of the parameters used in the simulation setup,
unless otherwise stated. Additionally, we assume that the
transmit and receive URAs at each node are placed on the
same surface with the separation by two wavelengths (i.e.,
Dy =2, D, =0, ® =0° as shown in Figure 2). Here, we
first demonstrate how the transmit/receive RF beamformers
are generated according to the given AoD/Ao0A parameters.
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—— AoD support for H;
- --AoA support for H;
——AoD support for Hy
- --AoA support for Hy
——AoD support for Hgp; and Hgpo
- --AoA support for Hg;; and Hgy
O All possible quantized angle-pairs
x Angle-pairs for F;
+ Angle-pairs for F, »
4 Angle-pairs for F;»
» Angle-pairs for F,

N,=20 RF Chains
at Node 2

v, = sin (#) sin (v)

N,=19 RF Chains
at Node 1

sin () cos (v)

FIGURE 4. RF-stage design and AoD/AoA support for the intended and SI channels
(Hq, Ha, Hgp 1, Hgp,2)-

Then, the amount of SIC achieved by the proposed AB-JHPC
design is presented. Afterwards, the total achievable-rate and
energy efficiency results are provided to compare the advan-
tages of the proposed full-duplex mmWave massive MIMO
systems compared to its half-duplex counterparts.

A. RF-STAGE DESIGN VIA AOD/AOA PARAMETERS

Figure 4 demonstrates the AoD/AoA supports for the
intended channels (i.e., H; and Hj) and the SI channels
(i.e., Hsr,1 and Hgy2) based on the simulation parameters
given in Table 5, where we assume a single scattering clus-
ter with L; = Lsy = 20 paths [56]. Here, it is worthwhile
to recall that y, = sin(¢)cos(y) and y, = sin(@) sin(yr)
are the coefficients reflecting both elevation angle (6) and
azimuth angle (¥). As summarized in Algorithm 1, the
RF-stage design starts by building the AoD/AoA supports
for each channel via (16) and (18). Then, we construct
the quantized angle-pairs by using the transmit and receive
antenna elements at each node. Considering transmit/receive
URA size as 16 x 16 = 256 [56], there are 256 possi-
ble quantized angle-pairs represented via black circles in
Figure 4. Afterwards, we find the quantized angle-pairs cov-
ering the corresponding AoD/AoA support of the intended
channel and excluding that of the SI channel. For instance,
N;1 = 11 quantized angle-pairs represented via blue cross
symbols are selected for the transmit RF beamformer F; i,
which are inside the AoD support of H; and also orthog-
onal to the AoD support of Hgy 1. Thus, in this simulation
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——Complete SI Channel (NLoS+LoS)
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FIGURE 5. Self-interference cancellation (SIC) achieved by the joint transmit/receive
RF beamforming versus antenna isolation.

setup, the transmit RF beamformer F; ; generates N, = 11
orthogonal-beams for sending data streams to the node 2
and suppressing the SI signal power occurred at the node
1. Similarly, the receive RF beamformer F, | is generated
by using N,1 = 8 quantized angle-pairs illustrated with
red star symbols, which covers the AoA support of H, and
excludes that of Hgj 1. Finally, the proposed hybrid architec-
ture shown in Figure 1 requires only Ny = N;1 + N, 1 = 19
RF chains to develop transmit/receive RF beamformers at
the node 1. Therefore, the hybrid architecture reduces the
number of RF chains by 96.2% compared to its fully-digital
counterparts. Furthermore, the number of RF chains can be
further reduced via the propsoed transfer block architecture
expressed in Section V (please see Table 4).

B. SELF-INTERFERENCE CANCELLATION

After designing the RF-stage, Figure 5 demonstrates the
SIC achieved by the joint transmit/receive RF beamform-
ing, where we consider that the power of near-field SI
channel reflecting the strong LoS paths is reduced by
Pisag € [0 dB, 120 dB] via antenna isolation. According
to the SI occurred at the node 2, we compare the far-field
SI channel as Hnpos,2, the near-field SI channel as Hy s, 2
and complete SI channel as Hsr2 = Hros 2 + Hnros 2 in
terms of their powers.” As expressed in Section III, the
power of near-field SI channel is inversely proportional to the
antenna isolation (i.e., 10log;o(E{|HLos ||I2}) = —PisdB)-
In order to precisely display the benefits of the proposed
joint transmit/receive RF beamforming, the average SI chan-
nel power at the node 2 is plotted for four cases: (i)
without RF beamforming as IE{||HSL2||%} (i) with only
transmit RF beamforming as E{||H3L2F,,2||12,,} (i) with
only receive RF beamforming as IE{||F,,2HSL2||%} (iv) with

7. For the sake of simplicity, Figure 5 only plots the SI channel powers
at the node 2. Equivalently, the same behaviors are also observed for the
SI channel at the node 1.
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joint transmit/receive RF beamforming as IE{||’H5L2||%} =

Ef

IF, 2Hs12F; 2%},

« Case 1: We observe that when Pis gg is very poor (e.g.,
Pis,ag < 15 dB), the near-field SI channel represented
with black dotted curve is dominant as expected. On
the other hand, when Pis gp is higher than 20 dB, the
far-field SI channel represented with black dashed curve
becomes dominant. Moreover, even though the quality
of SIC is enhanced via more advanced antenna isolation
techniques, the complete SI channel remains constant
due to the dominant NLoS paths. Because the power
of far-field SI channel expressed in (14) is independent
from Pis gp and it is a function of the distance, path loss
exponent and complex path gains. Therefore, the com-
plete SI channel power without RF beamforming is only
reduced from O dB to —18 dB, when Pjs 4p is greater
than 30 dB. It implies that 18 dB SIC is accomplished at
most by only applying passive antenna isolation, which
does not aim to suppress the far-field SI channel. This
behavior is also independently observed in the experi-
ment results in [18], where the authors measure the SIC
achieved by antenna isolation as 74 dB in the anechoic
chamber as a low-reflection environment. However, the
measurements inside a reflective room in [18] shows
that the SIC achieved by antenna isolation is reduced
to 44 dB due to the dominant NLoS paths.

o Cases 2 & 3: We apply only transmit (receive) RF
beamforming for reducing the power of far-field SI
channel and enhancing the quality of SIC. The numer-
ical results show that the power of far-field SI channel
is reduced from —18 dB to —56 dB (—60 dB) as rep-
resented with green (blue) dashed curves. Furthermore,
when there is no antenna isolation (i.e., Piggg = 0
dB), only transmit (receive) RF beamforming reduces
the power of near-field SI signal from O dB to —14
dB (—24 dB). Eventually, when Pisgp > 50 dB SIC is
satisfied via antenna isolation, the power of the com-
plete SI channel is —56 dB (—60 dB), which means an
additional 38 dB (42 dB) reduction via only transmit
(receive) RF beamforming compared to the first case
without RF beamforming.

o Case 4: The proposed joint transmit/receive RF beam-
former design in Section IV further suppresses the
complete SI channel power compared to the previous
three cases as illustrated in Figure 5. The first impor-
tant observation is that the far-field and near-field SI
channel powers are reduced by 81.5 dB and 45.5
dB, respectively. In comparison to Cases 2 & 3, the
joint transmit/receive RF beamformer design achieves
higher suppression than the summation of only trans-
mit RF beamforming and only receive RF beamforming
(i.e., 81.5 dB > 38 dB + 42 dB for NLoS paths and
45.5 dB > 14 dB + 24 dB for LoS paths). Moreover,
when Pisgg < 50 dB, there is a near-linear relation-
ship between the complete SI channel power and Pis gB.

90
——Intended Signal
- - -SI Signal
60 | . Noise Floor
| o Before AB-JHPC
300 O After AB-JHPC with S-MMSE
[Ta._ x After AB-JHPC with SVD
‘ TB---B---g---B---8---&--3---B---&--3---0
0!

85.7 dB SIC by AB-JHPC

Power [dBm]

-120 ~— Self-Interference Limited —|

0 20 40 60 80 1(5()

Antenna Isolation (Pisqp) [dB]

FIGURE 6. Self-interference cancellation (SIC) achieved by the proposed AB-JHPC
technique versus antenna isolation, where the transmit power is P = 30 dBm.

Thus, according to the proposed joint transmit/receive
RF beamforming, the complete SI channel power in this
simulation setup can be modeled as follows:

101og,o(E{|[Hs1212}) = 101og(E{||F,  Hsi2F2[2}) (37)
~ —Pisap —45.5, VPisgp € [0 dB, 50 dB].

The above equation affirms the importance of utiliz-
ing both joint transmit/receive RF beamforming and
advanced antenna isolation techniques in order to can-
cel the strong SI channel. In other words, they works
well together. For example, in the case 1 (without RF
beamforming), the residual SI channel power is satu-
rated at —18 dB, even if we achieve 74 dB antenna
isolation as in [18]. On the other hand, in the case 4
(joint transmit/receive RF beamforming), we have 45.5
dB SIC, when the antenna isolation is omitted (i.e.,
Pis,ag = 0 dB). However, when we combine both of
the techniques, the complete SI channel power can be
suppressed up to 99.5 dB as shown in Figure 5.

Figure 6 analyzes the SIC achieved by the proposed AB-
JHPC technique, where we consider the effects of both RF-
stage and BB-stage design. The transmit power is chosen
as Py = 30 dBm for the simultaneous transmission of §; =
S = 4 data streams at both nodes.

By using the combined signal expression given in (3),
Figure 6 plots the powers of intended signal, SI signal and
noise for the first data stream at the node 2.8 According
to the given noise power spectral density (PSD) as —174
dBm/Hz and the channel bandwidth as 10 MHz [57], the

noise power is calculated as ov% = —104 dBm. Also, the

8. The power of ISI given in (3) is not plotted in Figure 6 because it is
well mitigated via the BB-stage design. Hence, ISI is not a limiting factor
for the full-duplex mmWave massive MIMO systems compared to the noise
and strong SI.
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power of modified noise given in (3) is kept as av% = —104
dBm by normalizing the BB combiner.” Therefore, the noise
floor represented with black dotted curve is placed at —104
dBm. Regarding the intended signal received at the node
2, we first consider the power of full-size intended chan-
nel H; before applying AB-JHPC. In that case, the transmit
power Pr is assumed to be equally divided among four data
streams, then the corresponding intended signal power at the
first data stream is calculated as [E{ IZ—T [IHy ||%}. After applying
the proposed AB-JHPC with S-MMSE and SVD, we also
plot the power of intended signal given in (3). It is seen
that both S-MMSE and SVD approaches used in the BB
combiner of AB-JHPC provides almost the same intended
signal power. Moreover, approximately 2 dB degradation is
observed compared to the full-size intended channel power
before applying AB-JHPC, which means that the proposed
AB-JHPC scheme preserves most of the power provided by
the channel. Considering the SI signal occurred at the node
2, we also plot the power of full-size SI channel Hsy> with
the transmit power Pr before applying AB-JHPC, which is
calculated as IE{PT||HSI,2||%}. As expected, when there is no
antenna isolation, the power of corresponding received SI
is 30 dBm. For larger antenna isolation, the corresponding
received SI is reduced to 12 dBm, when Pisgp is greater
than 30 dB. Therefore, the antenna isolation without applying
AB-JHPC only provides up to 18 dB SIC similar to Figure 5.
Then, we employ the proposed AB-JHPC technique to sig-
nificantly enhance the achievable SIC. The residual SI is
reduced from 30 dBm to —55.7 dBm, even when there is
no antenna isolation (i.e., Pisgg = 0 dB). This represents
85.7 dB SIC provided for the first data stream by only
employing the proposed AB-JHPC. Moreover, when Pis g
increases from 0 dB to 70 dB, the total SIC achieved via
antenna isolation and AB-JHPC with S-MMSE is a near-
linear function of Pisgp (i.e., the total SIC is Pisgp + 85.7
dB). Additionally, the power of residual SI signal is reduced
below noise floor level for Pisgg > 50 dB. On the other
hand, the residual SI power is the major limiting factor for
Pisgg < 50 dB. Furthermore, regarding the BB combiner
of AB-JHPC, the proposed S-MMSE algorithm further sup-
presses the SI signal power compared to the SVD approach
for Pisgp > 50 dB, where the NLoS paths are dominant
in the complete SI channel. For instance, when Pis gg = 60
dB, AB-JHPC with S-MMSE reduces the residual SI signal
power to —115.4 dB, which is 6.1 dB lower compared to
AB-JHPC with SVD.

Figure 7 illustrates the signal power versus the square
URA size, where the transmit power is Pr = 30 dBm and
the antenna isolation is Piggg = 60 dB. Before applying
AB-JHPC, we observe that both the intended signal and SI

9. By using F,’2Ff12 =1Iy,, and wy ~ CN(0, Uv%IMrz)’ the power of
modified noise in (3) is calculated as E{lb{f{z’kFr,zwzlz} = Uv%bfz,kbr,lk-

For keeping the modified noise power as o2, the k”* row of BB combiner
i b2k

is normalized as b, > = .
RN A
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FIGURE 7. Self-interference cancellation (SIC) achieved by the proposed AB-JHPC
versus the square transmit/receive URA sizes, where the transmit power is
P =30 dBm and the antenna isolation is Pjg 4g = 60 dB.

powers increase as the larger URAs are utilized by means
of the antenna array gain.

On the other hand, when more antenna elements are uti-
lized, the power of SI signal declines after applying the
proposed AB-JHPC. The main reason for this behavior is
the enhancement of beamforming gain in the desired direc-
tion, which also suppressing the side lobes affecting the
undesired directions, such as the SI signal. Moreover, it
is shown that the quality of SIC also improves for the
larger URAs. To illustrate, after applying AB-JHPC with
S-MMSE, the SI signal power is 29.8 dB below the noise
floor M;; = M,; = 1024 antenna elements However,
when there are transmit and receive M;; = M,; = 64
antenna elements, the SI power is 11.4 dB above the noise
floor. Furthermore, the proposed AB-JHPC with S-MMSE
algorithm offers higher amount of SIC for all URA sizes.

C. TOTAL ACHIEVABLE RATE: FULL-DUPLEX VS.
HALF-DUPLEX

The total achievable rate performance of the proposed full-
duplex mmWave massive MIMO systems is investigated
in Figure 8, where the antenna isolation is assumed as
P1sag =40 dB, 60 dB, 80 dB, 100 dB. It is important to
highlight that each node is equipped with 16 x 16 = 256
transmit and receive antenna elements to simultaneously
support §1 = S = 4 data streams. Also, we consider
two half-duplex schemes as a benchmark to compare the
performance of full-duplex communications via the proposed
AB-JHPC technique: (i) AB-HPC as a hybrid architecture
reducing the number of RF chains and CSI overhead size as
in the proposed scheme [45], (ii) FDPC as the fully-digital
architecture requiring large CSI overhead and a single RF

769



KOC AND LE-NGOC: FULL-DUPLEX mmWAVE MASSIVE MIMO SYSTEMS

-©-Full-Duplex: AB-JHPC with S-MMSE (Proposed)
Full-Duplex: AB-JHPC with SVD (Proposed)
-B-Half-Duplex: AB-HPC [43]
200 |--Half-Duplex: FDPC

Antenna Isolation = 40 dB, 60 dB, 80 dB, 100 dB

—
[
[=]

100 |

Total Achievable Rate [bps/Hz|

@ @=—=t"
-40 -30 -20 -10 0 10 20 30 40 50 60

20-0-0-6-0-6-8©

1.8

—
[=2]

—
i

—
[V}

o
)

o
=N

Full-Duplex to Half-Duplex Gain Ratio

N
i

Antenna Isolation = 40 dB, 60 dB, 80 dB, 100 dB

14
o

L 1 L L I 1 L

0
-40  -30 -20 -10 0 10 20 30 40 50 60
Transmit Power (Pr) [dBm]|

(b)

FIGURE 8. Achievable rate performance versus the transmit power (Py) for the
proposed AB-JHPC technique using full-duplex compared to AB-HPC [45] and FDPC
using half-duplex: (a) total achievable rate, (b) full-duplex to half-duplex gain ratio.

chain per each antenna element.!? As presented in Figure 4,

the proposed AB-JHPC requires N1 = 19 and N, = 20 RF
chains at the node 1 and node 2, respectively. Therefore,
in order to compare the hybrid architecture under the same
hardware cost/complexity, AB-HPC is also designed by using

10. It is worthwhile to note that the total achievable rate for the full-
duplex communications is obtained by using (6) and (7). On the other
hand, when both communication nodes employ half-duplex, it is necessary
to use separate time/frequency resources in order to establish two-way data
transmission and reception operations. Moreover, in the case of half-duplex,
there is no SI component expressed in (3). Therefore, the total achievable
rate for the half- duplex mmWave massive MIMO systems is calculated via

(HD) lR(HD) + R(HD) where R(HD) and R(HD) can be obtained by

tot
ddoptmg (3) and (6) without the SI component
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the same number of RF chains. In Figure 8(a), when we first
analyze the half-duplex communications, the performance
gap between FDPC and AB-HPC is observed as only
1.4 dB. On the other hand, the hybrid architectures sig-
nificantly reduce the hardware cost/complexity by placing
only N1 = 19 (N, = 20) RF chains at the node 1 (node 2),
whereas FDPC requires M; = M, = 512 RF chains at
each node. It implies a remarkably reduction in the hard-
ware cost/complexity by 96.2%. Also, the CSI overhead
size is remarkably lowered by 99.8% (please see Table 4
and Figure 4). Regarding the achievable rate performance
of the proposed AB-JHPC technique, we both utilize the
S-MMSE and SVD approaches for the BB combiner design.
Also, by using the total achievable rate curves for AB-JHPC
using full-duplex and AB-HPC using half-duplex plotted in
Figure 8(a), the gain ratio shown in Figure 8(b) is simply
calculated by taking the ratio of them (i.e., [(:tlzl) /Rg?a)l)
In Figure 8(a), when the transmit power increases, the
performance floor behavior is monitored for the full-duplex
transmission due to the residual SI power. We observe that
as the quality of antenna isolation improves, the total achiev-
able rate capacity reaches to a higher performance floor. For
instance, as shown in Figure 6, the residual SI signal power
is higher than the noise floor, when Pisgg = 40 dB and
Pr =30 dBm. It is also visible in Figure 8(a), where AB-
JHPC reaches to interference floor at the transmit power of
Pr =30 dBm for Pisgg = 40 dB. On the other hand, when
the antenna isolation accomplishes Pisgg = 80 dB SIC, the
noise floor is above the residual SI power in Figure 6, espe-
cially for AB-JHPC with S-MMSE. It is also verified by the
achievable rate results in Figure 8(a) (e.g., no performance
floor at Pr = 30 dBm and Pis gg = 80 dB) and in Figure 8(b)
(e.g., the gain ratio is found as 1.98 at Pr = 30 dBm and
Pis.ag = 80 dB). Then, Figure 8(b) shows that the proposed
full-duplex scheme doubles the achievable rate capacity for
the low and medium transmit power regime. Furthermore,
the doubled-capacity property remains resistant for the high
transmit power regime as the antenna isolation based SIC is
enhanced. Regarding the BB combiner design of AB-JHPC,
the proposed S-MMSE algorithm provides higher achievable
rate and converges to the higher performance floor compared
to the conventional SVD approach.

Figure 9 illustrates the full-duplex to half-duplex gain
ratio in terms of achievable rate versus the square URA
sizes (M = M;; = M,;) and number of data streams
(S = 81 = $2), where the transmit power is Pr = 30 dBm
and the antenna isolation is Piggg = 74 dB as in [18].
Although the number of data streams is selected between
S =1 and S = 6, the gain ratio for M = 64 anten-
nas is plotted until § = 4 data streams because we obtain
min(N; 1, Ny 1, Ni 2, Ny 2) = 4 for M = 64. It is seen that the
gain ratio almost approaches to 2 for the larger URAs utilized
at the transmitter/receiver. However, when more data streams
are transmitted, the gain ratio degrades due to the increased
residual SI power. Moreover, AB-JHPC with S-MMSE has
always the gain ratio higher than unity as illustrated in
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(M= M,,,- = M,’,-) and number of data streams (S = S; = Sp): (a) AB-JHPC with
S-MMSE and (b) AB-JHPC with SVD, where the transmit power is Pt = 30 dBm and
the antenna isolation is Pig jg = 74 dB [18].

Figure 9(a). By comparing Figure 9(a) and Figure 9(b),
we observe that the proposed S-MMSE technique outper-
forms SVD. For instance, when the URA size is chosen as
M = 144 for serving § = 3 data streams, AB-JHPC with
S-MMSE provides the gain ratio of 1.83, while it is only
1.55 for AB-JHPC with SVD.

D. ENERGY EFFICIENCY

In addition to improving the quality of SIC and reducing the
hardware cost/complexity, another primary objective in the
proposed hybrid architecture is decreasing the total power
consumption for the massive MIMO systems. By using the
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models given in [29], [58], [59], the total power consumption
for the two-way data transmission is defined as:

Piotal = 2P1 + NRpPRrr + NpsPps  [W], (38)

where Pr is the total transmission power at each node, Ngr
and Npg are the number of RF chains and phase-shifters,
respectively, Prr and Ppg are the power consumption by each
RF chain and phase-shifter, respectively. Table 4 summarizes
the number of hardware components for the proposed scheme
using transfer block architecture (please see Figure 3) or
without transfer block architecture (please see Figure 1).
For instance, when no transfer block is utilized, there are
Nrr = 39 RF chains as shown in Figure 4. On the other
hand, only Ngr = 16 RF chains are required in the transfer
block architecture to support S = S = 4 data streams.
Also, we consider Prr = 250 mW and Ppg = 1 mW as
in [29], [58]. Afterwards, the energy efficiency is calculated
by taking the ratio of total achievable rate given in (7) with

respect to the total power consumption given in (38) (i.e.,
Riotal

Pioga)”*

tFigure 10 shows the energy efficiency results for both

full-duplex and half-duplex schemes. Moreover, we con-
sider the utilization of transfer block architecture to enhance
the energy efficiency results by reducing the number of RF
chains.!!

As proven in Section V, the total achievable rate
performance remains the same whether the transfer block
architecture is utilized or not. First, Figure 10(a) plots
the energy efficiency versus the transmit power Py, where
Pisgg = 60 dB. The numerical results show that using
the transfer block improves the energy efficiency (e.g., at
Pr =30 dB, we achieve 5.4 bps/Hz/W by using the transfer
block, whereas it reduces to 4.3 bps/W/Hz without transfer
block). On the other hand, the energy efficiency of FDPC
is remarkably low compared to the hybrid schemes due to
the utilization of power-hungry RF chains. As explained in
Table 4, the proposed AB-JHPC technique requires signifi-
cantly less number of RF chains than FDPC, which results
in the reduced power consumption. Second, Figure 10(b)
depicts the energy efficiency versus the antenna isolation
(P1s,gp) for Pr =30 dBm. We observe that the energy effi-
ciency improves for the higher values of Pis gg. However, the
energy efficiency is almost saturated when Pisgp is higher
than 80 dB.

E. IMPERFECT ANGLE INFORMATION (AOD/AOA)

As discussed earlier, the RF beamformer design is based
on the slow time-varying AoD/AoA information (i.e., the
mean of elevation angle (6) and azimuth angle (),
and their spread). Therefore, according to the perfect
angle information, the transmit/receive RF beamformers are
developed via y, = sin(@) cos(y) and y, = sin(0) sin(}r)
coefficients as illustrated in Figure 4. However, considering

11. AB-HPC using the half-duplex transmission does not consider the
transfer block architecture [45].
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the imperfect angle information, the estimated coefficients
are defined as px = y, + AP, and p, = y, + Ayp,, where Ap,
and Ayy are the estlmatlon errors on Yy and yy [59]-[61].
Here, Ay, € [— 271, 2;[] and Ay, € [— 2n,+ L] are uni-
formly distributed random variables, where ¢, and €y denote
the maximum angle estimation errors up to the beamwidth
between the first nulls [59]. When URA has M = M, x M,
antennas (i.e., M, and M, antennas along x-axis and y-axis
as shown in Flgure 2), we have ¢, = 12‘7” and €, = 2” [61].

Figure 11 demonstrates the effect of 1mperfect angle
information on the achievable rate performance of the
proposed AB-JHPC with S-MMSE technique, where the
antenna isolation is Pis gg = 74 dB as in [18]. By assuming
the same size transmit and receive URAs at each node
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where the antenna isolation is PIS,dB =74 dB [18].

(M = M;; = M, ;), three square URA cases are considered as
M =144, M = 256, and M = 400. Also, we assume either
S =1 or S =4 data streams transmitted by each node for
two-way communications. The numerical results imply that
the proposed AB-JHPC technique for the full-duplex massive
MIMO systems is robust to the imperfect angle information.
The achievable rate performance with the imperfect angle
information closely approaches the perfectly estimated angle
information case, as the URA size increases. The main rea-
son for this behavior is the reduced angle estimation error
with larger URAs (i.e., €, = M and €, = 2’? ). For instance,
when the URA size is chosen as M = 144 to support S = 4
data streams, the performance gap between the perfect and
imperfect angle information is observed as 4.7 bps/Hz at
Pr =30 dBm, where the perfect angle information provides
84.4 bps/Hz achievable rate capacity. On the other hand,
when the URA size is increased to M = 256 (M = 400), the
performance gap reduces to only 1.2 bps/Hz (0.9 bps/Hz) at
Pr =30 dBm, while the total achievable rate capacity with
perfectly estimated angle information is also enhanced to
113.2 bps/Hz (129.7 bps/Hz). In other words, in the case of
imperfect angle information utilized at the RF beamformer
design, we achieve 99.1% (99.3%) of the capacity obtained
with the perfect angle information, when the URA size is
considered as M = 256 (M = 400).

VIl. CONCLUSION

In this paper, a novel angular-based joint hybrid
precoding/combining (AB-JHPC) has been proposed for the
full-duplex mmWave massive-MIMO systems. Our primary
objectives in the proposed AB-JHPC technique are to (i)
enhance the quality of self-interference cancellation (SIC),
(i) maximize the power of desired/intended signal, (iii)
reduce the channel estimation overhead size, (iv) decrease
the hardware cost/complexity via a low number of RF
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chains. First, the RF-stage of AB-JHPC has been constructed
via slow time-varying AoD/AoA information, where the
transmit/receive RF beamformers aim to maximize the
desired/intended signal power and cancel the strong SI
power. Therefore, a joint RF beamformer structure has
been designed for generating orthogonal transmit/receive
beams covering AoD/AoA support of intended channel
and excluding AoD/AoA support of SI channel. Then, the
BB-stage of AB-JHPC has been built via the reduced-size
effective intended channel. Thus, the proposed AB-JHPC
technique does not require any instantaneous SI channel
knowledge neither in the RF-stage nor in the BB-stage. We
have primarily considered the well-known SVD approach
to develop the BB precoder and BB combiner. In addition
to SVD, we have also proposed a new semi-blind minimum
mean square error (S-MMSE) technique in the BB-stage
design, which seeks to suppress the power of far-field
SI component by using the slow time-varying channel
characteristics. Afterwards, a transfer block architecture has
been employed to minimize the RF chain utilization without
sacrificing the achievable rate performance. The promising
numerical results show that the joint transmit/receive RF
beamformer suppresses the power of far-field (near-field)
SI channel by 81.5 dB (44.5 dB). On the other hand,
the SI signal is considerably mitigated via the proposed
AB-JHPC technique. We observe that 85.7 dB SIC is
achieved via only AB-JHPC and the total amount of SIC
can be linearly increased via the advanced antenna isolation
techniques. In terms of the total achievable rate capacity,
the proposed full-duplex mmWave massive MIMO systems
can double the total achievable rate capacity compared to
its half-duplex counterpart. Also, the proposed S-MMSE
algorithm remarkably outperforms the conventional SVD
approach, especially in the high transmit power regime. It
is shown that the transfer block architecture utilizing less
number of RF chains further improves the energy efficiency
of the full-duplex mmWave massive MIMO systems.
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