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Design and Analysis of Wideband In-Band-Full-
Duplex FR2-TAB Networks
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Abhijeet Bishnu, Member, IEEE, Mark Holm, Member, IEEE,

and Tharmalingam Ratnarajah™, Senior Member, IEEE

Abstract— This paper develops a 3GPP-inspired design for the
in-band-full-duplex (IBFD) integrated access and backhaul (IAB)
networks in the frequency range 2 (FR2) band, which can
enhance the spectral efficiency (SE) and coverage while reducing
the latency. However, the self-interference (SI), which is usually
more than 100 dB higher than the signal-of-interest, becomes the
major bottleneck in developing these IBFD networks. We design
and analyze a subarray-based hybrid beamforming IBFD-IAB
system with the RF beamformers obtained via RF codebooks
given by a modified Linde-Buzo-Gray (LBG) algorithm. The
SI is canceled in three stages, where the first stage of antenna
isolation is assumed to be successfully deployed. The second stage
consists of the optical domain (OD)-based RF cancellation, where
cancelers are connected with the RF chain pairs. The third stage
is comprised of the digital cancellation via successive interference
cancellation followed by minimum mean-squared error baseband
receiver. Multiuser interference in the access link is canceled by
zero-forcing at the IAB-node transmitter. Simulations show that
under 400 MHz bandwidth, our proposed OD-based RF cancel-
lation can achieve around 25 dB of cancellation with 100 taps.
Moreover, the higher the hardware impairment and channel
estimation error, the worse digital cancellation ability we can
obtain.

Index Terms— Wideband in-band-full-duplex millimeter wave
(FR2 band), subarray hybrid beamforming, integrated access and
backhaul, codebook design, self-interference cancellation.

I. INTRODUCTION

REQUENCY range 2 (FR2) band (i.e., millimeter wave)
communications have been identified as the key technol-
ogy for the beyond fifth-generation (5G) wireless communi-
cations to provide much larger bandwidth, narrower beam,
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and high data rate services. Different from the FR1 band
(<£7.225 GHz), in the FR2 band (>24.250 GHz), high path
loss and blockages become the major obstacle for broader cov-
erage. However, the short wavelengths at the FR2 frequencies
facilitate the deployment of large-scale antenna arrays, which
could compensate for such high losses with highly direc-
tional narrow beamforming and provide reliable transmission
quality [1], [2].

In the recent 3rd Generation Partnership Project (3GPP)
technical report TR 38.874 (Rel. 16) [3], the integrated access
and backhaul (IAB) networks have been proposed for the
FR2 band communications, where only IAB donors connect
with the core network by fiber. IAB-nodes can wirelessly
communicate with both the access and the backhaul links as
well as perform IAB-specific tasks such as resource allocation,
route selection, and optimization [4]. This novel architecture
enables cheap and dense deployment while extending the
coverage in FR2 bands. Despite the visible advantages of this
architecture, the study of IAB networks is still in its infancy.

In-band-full-duplex (IBFD) transmission, which has been
treated as another breakthrough for beyond 5G wireless com-
munications, breaks the rule that downlink and uplink commu-
nications should occur in different time/frequency slots. In the
IAB networks, IAB-nodes are preferred to run under the IBFD
mode [5]. Compared with the half-duplex (HD), thanks to
simultaneous transmissions, the IBFD mode can almost double
the spectral efficiency (SE) without the need for the large
guard time/band arranged in standard time-division duplex
and frequency-division duplex systems [6], [7]. However, the
major obstacle of IBFD communications is the existence of
strong self-interference (SI), which is usually seen as more
than 100 dB stronger than the signal of interest [8]. Therefore,
finding efficient SI cancellation (SIC) techniques is important
for IBFD operation and has recently been a popular research
topic. Through hardware prototype measurements in 28 GHz,
authors in [9] evaluate the framework’s link-level SI reduction
in the propagation domain and system-level performance to
verify the feasibility of IBFD-IAB systems; however, the large-
scale antenna array and hybrid precoding were not considered.

For the wideband IBFD-FR2 communications, we propose
a three-stage SIC, which consists of the antenna isolation stage
(i.e., by isolating the transceiver antennas electromagnetically
for passive cancellation) [10], the analog cancellation (A-SIC)
stage (i.e., by establishing a circuit canceler between each

1536-1276 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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transceiver pair to replicate the SI channel as accurately as
possible) [11], and the digital cancellation (D-SIC) stage
(i.e., handling of the residual SI (RSI) left by previous stages
by designing efficient beamformers) [8], [12], [13]. In the
A-SIC, the conventional micro-strip analog canceler requires
a huge number of taps for wideband SIC. However, due to
the large insertion losses and realization of hundreds of taps,
wideband SIC becomes infeasible in practice. Besides, it is
challenging for the micro-strip analog canceler to be directly
extended to FR2 band scenarios due to the hardware limitation
(i.e., RF components usually do not have such processing
properties at the FR2 band). Thus, a hardware efficient optical
domain (OD)-based analog canceler has been investigated
in [14] for the single antenna system. However, OD-based
A-SIC for multi-antenna systems or IAB networks is lacking
in the literature.

Due to the use of large-scale array systems, the traditional
full digital beamforming scheme for the FR1 band becomes
expensive to implement for the FR2 band. Thus, towards the
need for cost-friendly system design, hybrid beamforming
has become a powerful and economical tool in large-scale
array systems, which reduces the requirement on the number
of RF chains and simplifies the system complexity [15].
Based on the extension of the standard Orthogonal Matching
Pursuit (OMP) algorithm, a novel hybrid beamforming design
was proposed in [16]. Compared with the fully connected
hybrid beamforming structure [2], to improve the deployment
cost and guarantee the similar performance of the system,
authors in [1], [17], and [18] develop a subarray hybrid
beamforming structure, where one RF chain only connects
with a portion of antenna arrays. However, the works that
consider the wideband IBFD multi-user IAB networks with
subarray hybrid beamforming in the FR2 band still need more
investigation.

The hybrid beamforming design algorithms in [1], [2],
[15]-[17] need to access the large and sparse channel matrix,
which is hard to acquire in reality. Although the compressed
sensing-based channel estimation approaches are presented
in [19], it is difficult to realize in practical scenarios. Instead,
the RF effective channel is estimated using standard estimation
methods in practice, where the RF precoding and combining
matrices are selected from the pre-defined codebooks. In [2],
the RF codebook is designed by the Lloyd type algorithm.
A K-means-based beam codebook is proposed by Mo et al.,
whose codewords are defined by maximizing the beamforming
gain [20]. Unfortunately, their vector-wise codebooks may lead
to a low-rank beamforming matrix, which directly amounts to
a loss in the degrees of freedom, especially when the number
of RF chains is more than one.

Further, the hardware impairments (HWI), which takes
into account the imperfection in the hardware, such as
oscillators noise, amplifiers noise, non-linearities in the digital-
to-analog converters (DACs) and the analog-to-digital con-
verters (ADCs), and etc., have not been considered in most
of the studies yet. Authors in [21] have mentioned that
the independent Gaussian model can optimally capture those
combined non-ideal hardware effects.
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Based on the above motivations, in this paper, we investigate
the design and analysis of multiuser FR2-IBFD-IAB networks
with subarray-based hybrid beamforming. The contributions
of this work are given as follows:

e RF Codebook Design and RF Effective Channel Estima-

tion: For the subarray hybrid beamforming scheme, the
RF precoders and combiners are selected by scanning
from the matrix-wise codebooks, designed with our mod-
ified mean squared error (MSE)-based Linde-Buzo-Gray
(LBG) algorithm, and the RF effective channel can be
then estimated with standard estimation methods. Simu-
lations show that, with the proposed codebooks, we can
achieve a similar SE as that with infinite resolution phase
shifters (PSs) without suffering from low rank quantized
beamforming matrices.

o Staged SIC: We propose a staged SIC scheme in this
paper, where the A-SIC is realized by the OD-based can-
celer connected with the RF chain pairs on the IAB-node
to reduce the space and cost. Compared with the conven-
tional micro-strip analog canceler, our canceler can pro-
vide a significant number of true delay lines for wideband
operations and have good frequency-flatness. Simulations
show that with our OD-based canceler, 25 dB of A-SIC
can be achieved with about 100 taps over 400 MHz
bandwidth.

o System Analysis With RSI: In order to explore how
the RSI caused by the HWI and RF effective channel
uncertainties can affect the performance of the IBFD
system, we analyze the SE of the backhaul link by varying
the HWI factors and SI RF effective channel estimation
errors. Simulation results show that as SNR increases, the
system becomes more vulnerable to the RSI; however, the
tolerance is improved when increasing the codebook size.
It is also shown that at lower RSI values, IBFD operation
doubles the SE compared to that of the HD.

The rest of the paper is organized as follows. In Section II,
the system model and channel models are identified, fol-
lowed by introducing the OD-based analog canceler design
in Section IIl. Then, the modified LBG algorithm for the
RF codebook design is proposed in Section IV, where RF
effective channels are estimated with selected RF beamformer
pairs. Next, D-SIC is processed in Section V. In Section VI,
the SE expressions are evaluated, followed by the design of
BB beamformers for both backhaul and access links. Finally,
some simulation results and a brief conclusion are shown in
Section VII and Section VIII, respectively.

Notations: B,B, b, b represent a set, a matrix, a vector, and
a scalar, respectively. B B~!, and B” are the Hermitian,
inverse, and transpose of B, respectively. | B| is the cardinality
of B. |B|lr, |Bl|mn, det{B}, and tr[B] are the Frobenius
norm, absolute value of the (m,n)th entry, determinant, and
trace of B, respectively. ||bl|2 is the L2-norm of b. [|b|| is the
norm of b. arg(B) takes the angle of each entry of B. diag[B]
takes the diagonal elements of the matrix. blkdiag[B;, Bs]
is the block diagonal matrix formed by matrix B; and Bs.
[B].1:n, and [B],,, denote the first n columns and the
(m,n)th entry of B, respectively. Cov[B] is the covariance
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Fig. 1. Tllustration of a single-cell IBFD-IAB multiuser network under the
SA deployment.

matrix, i.e., E{BBH }. @ indicates the Hadamard product.
d(-,-) is the distance measurement. CN(m,n) denotes a
complex Gaussian distribution with mean value of m and
variance n, and Ik is the K x K identity matrix.

II. SYSTEM AND CHANNEL MODELS
A. System Model

In this subsection, the system model is described for the
wideband FR2-IBFD-IAB multiuser networks. According to
the technical specifications—TR 38.874 (Rel. 16) provided by
the 3GPP, standalone (SA) and non-standalone (NSA) are two
typical deployments considered for IAB networks [3]. In this
work, we consider the downlink of a single-cell FR2-IBFD-
IAB multiuser network with SA deployment,' which consists
of the following parts, that are

« an IAB donor, also called gNB, which is a single logical

node and acts as the base station;

o an IBFD-IAB-node, which contributes SI from its trans-

mitter to its receiver;

o U downlink user-equipments (UEs).

The TAB donor connects to the SG next-generation core (NGC)
network by fiber and communicates with the IAB-node
through a wireless backhaul link. The IAB-node serves the
users by wireless access links. Note that, in this work, the [AB
donor only provides backhaul link service. An illustration of
this IBFD-IAB multiuser network used in this work is depicted
in Fig. 1, and more information about the 3GPP architecture
can be found in our recent work [4].

The TAB donor and IAB-node are equipped with the
subarray-based hybrid beamforming structure [17], where each
RF chain only connects with a portion of antenna elements.
Compared with the fully connected structure [17], the subar-
ray structure provides a cost-efficient solution for connecting

I'The reason why SA structure is considered in this work is that the NSA
architecture permits IAB-nodes and UEs to communicate with both 4G base
stations (i.e., eNBs) as well as 5G base stations (i.e., gNBs); however, SA only
allows connections with 5G base stations, which is considered for future
wireless communication network environment. With minor modifications, the
present design and analysis can be used for NSA as well.

RF chains to the antenna arrays. The number of subarrays
(RF chains) at the IAB-donor and IAB-node is assumed to
be the same as the number of devices at the UEs node,
i.e., U. Meanwhile, the number of data streams transmitted
from the IAB donor and [AB-node is assumed to be U as
well. However, since each user is assumed to have one RF
chain receiving one data stream, only analog beamforming
is required. For the FR2 band, the Orthogonal Frequency
Division Multiplexing (OFDM) system is adopted, where we
assume i) the length of the data block is the same as the
number of subcarriers, i.e., K; ii) the RF beamformers are
frequency-flat and the same for all subcarriers. In contrast,
the baseband (BB) beamformers are different for different
subcarriers [2]. The beamforming structure for this wideband
FR2-IBFD-IAB network is shown in Fig. 2.

At the IAB donor, U data streams are transmitted through
U RF chains and N7 transmit antenna arrays. The total
number of antenna arrays are equally divided into U subarrays,
each with one RF chain. Hence, the transmitted signal at the
k=1,2,..., Kth subcarrier from the IAB donor is given by

xp[k] = Frep | Feeplklsp[k] +eplk] | , e
—_———
xp (k]
where Frpp = blkdiag [fRFD,h frRrD,2, - - fRFD,U] S

CNT>U s the block diagonal RF precoder matrix with

frrpw € (CNTT“,VU € {1,2,...,U} representing the RF
precoder vector of the wuth subarray. Fppplk] € CU*V
represents the BB precoder matrix. The transmit data vec-
tor sp[k] € CUX! at the subcarrier k has the covariance
matrix of E {sp[k]sfi[k]} = F41u, where P is the aver-
age total transmit power across all subcarriers. By applying
the transmit power constraint with equal power allocation,
we get the constraint on the precoder as | FrrpFppp [£][|% =
U for all subcarriers. The vector eplk] € CUX!
CN (0, pdiag [Cov [Xp[K]]]) captures the transmitter HWI at
the TAB donor with p < 1, where the transmitter HWI is
uncorrelated with the transmit signal.

At the IBFD-IAB-node, separate antennas are configured for
transmission and reception (i.e., there are ny transmit antenna
arrays and U RF chains for transmitting to the UEs node; and
npr antenna arrays with U RF chains for receiving data from
the TAB donor). Similarly, the subarray structure divides those
antenna arrays into U equal panels, each with one RF chain.
Without SIC, the decoded signal at the IAB-node for subcarrier
k is expressed in (2), shown at the bottom of the page,
where WRFN = blkdiag [WRFN,L WRFN,2, - - - 7WRFN,U] S
C"r*U represents the RF combiner matrix with WRFN,u €
CT*l vy e {1,2,...,U} denoting the RF combiner vector
of subarray u. Wppn[k] € CY*Y is the BB combiner
matrix. Hyp[k] € C"2*N7 and Hgi[k] € C"**"T are the

yn[k] = WgBN[k?] WII{FN (Hnp [k]xp

(k] + Hsi[k|xn k] + zn[k]) +gn[k] )

yn (k]
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ideal backhaul channel matrix and SI channel matrix at the
subcarrier k, respectively. zx[k] € C"r*1 ~ CN(0,0%1,,)
is the circularly symmetric Gaussian noise. The vector gx[k] €
CY*! ~ CN(0, Bdiag[Cov[yn[k]]]) accounts for the receiver
HWI at the IAB-node, which is uncorrelated with the received
signal, with § < 1.

The vector xx[k] in (2) denotes the signal transmitted from
the IAB-node at the kth subcarrier, given as

xn|[k] = Fren | Fepn|klsn([k] +ex(k] | . (3)
————
xn (K]
where FRFN = blkdiag [fRFN,la fRFN,27 ey fRFN,U] S

C"t*VU is the RF precoder matrix with frENnu €
ey

CT ! Y € {1,2,...,U} denoting the RF
precoder vector of the wth subarray. Fppn[k] =
[fBBN,l[kJL fBBN,Z[kL ey fBBN,U[k'H e CUxv represents
the BB precoder matrix with fppn .[k] € CYX! vu €
{1,2,...,U}. sx[k] € CY*! is the transmit data vector
with covariance matrix of E{sx[k]s{[k]} = #£51u
and is uncorrelated with sp[k]. The vector en[k] €
CY*L ~ CN (0, pdiag [Cov [Xn[k]]]) denotes the transmitter
HWI at the IAB node, which is uncorrelated with the
transmit signal. In addition, for all subcarriers, the
precoder per subarray has to satisfy the constraint of
|FrenfeeN w[k][|% = 1,Yu € {1,2,...,U} for sending data
stream to the uth UE.

At the UEs node, there are U devices, each is equipped
with Np receive antennas and a single RF chain. Thus, the
received signal at all UEs can be jointly written as

yelk] = Wi (Hex[klxn (k] + zu[k]) +gelk], 4
where yglkl = [ymalklyelk. .. yeolk]T €
CU>t  with yg,[k],Yu € {1,2,...,U} denoting
the decoded signal at the wuth UE. Wpgpg =

blkdiag [WRFE,1, WRFE,2; - - -, WrFE,u] € CYVV#*V is the RF
combiner matrix with wrrg , € CVr¥1 vy € {1,2,...,U}
being the RF combiner vector of the uth UE. Hgn[k] =
[HgN,l[k]v HgN.Q[k]v i 7H£N.U[k]] ’ € CUNmxnt s the
ideal access link channel matrix, where Hgn k] € CNrXnr
represents the access link channel matrix from the IAB-node
to the uth UE. zg[k] = [25,[k], 25 ,[k],..., 25 o [k]" €
CUNrXL ~  CN(0,0%Iyn,) is the Gaussian noise
vector with zg,[k] € C'=*lvu € {1,2,...,U}
being the Gaussian noise vector at the wuth UE. The
receiver  HWI vector gglk] = |[g9m,1(k],982[k],- ..,
geulk]f € CY*l ~ CN(0,Bdiag[Cov]yg[k]]]) with
geulk],Vu € {1,2,...,U} denoting the receiver HWI at the
uth UE, which is uncorrelated with the received signal.

B. General Channel

For the wideband FR2 communications with the OFDM
system, a cyclic prefix of length D is added to each OFDM
symbol, which is equal to the number of delay taps for
the wideband channel. Due to the scattering effect, the FR2

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

signals are likely to arrive in N¢ clusters, with N paths
reflected by different obstacles in each cluster. A raised-cosine
pulse shaping filter p(dTs — 7;), for d = 0,1,...,D — 1,
with T-spaced signaling is utilized, where the delay 7.; is
defined for the [th path in the cth cluster [22]. Assuming
uniform planar arrays (UPAs) with half-wavelength spaced
elements, the transmit and receive steering vectors can be
written as a (6%, ;, ¢. ;) and a,(6;, @L ), respectively, where
the azimuth 67,/ 9271 and elevation ¢,/ QSEJ angles correspond
to the angles of arrival/departure (AoAs/AoDs) for each path
in their clusters. Hence, at subcarrier k&, a typical FR2 channel
model between two nodes can be expressed as

H[k] — ArH[k]Afa (5)

where
A, = [ar(Qle, Qb;,l)a Sy ar(ez,lv ¢:l)

s ar(Ong Np s Oe v )]s
A = [at(ei,lv ¢i,1)

PR '7at(92117¢i,l)7 .. ~7at(6§Vc7NL7¢§VC7NL)L (7)

_ [/ _NgN;
H[k]_ NcNp PL

a1,1x1,1[K] 0

(6)

"'aC,lXC,l[k] 0

0 anNg, N XN, Ny, [K]

®)

and x.[k] = ZdD:_OI p(dTS—TC’l)G(_j%). N, and N, denote
the number of transmit and receive antennas, respectively. o ;
is the complex gain. PL denotes the average path loss due to
the high attenuation of FR2 band channel. The close-in path
loss model is adopted rather than the free space path loss [23],
given as

C)

where rg, r, A, and p represent the reference distance, dis-
tance between transceiver, wavelength, and path loss expo-
nent, respectively. Moreover, since for arbitrary transmission
networks, the line-of-sight (LOS) component has a high prob-
ability of being blocked by obstacles. Therefore, an non-line-
of-sight (NLOS) path loss exponent is preferred. Furthermore,
the steering vector is defined as

1

a(07¢) = \/—N[lval(ea¢)7"'7aN—1(97¢)]T7 (10)
where a,(0,¢) = 672%’“:“(0"‘5); N is the number of

antenna arrays in the UPA; 1, = [T,,Yn,2n)7 s

the coordinate of the nth antenna element; u(d,¢) =
[cos @ cos ¢, sin @ cos ¢, sin ¢] T is the unit-norm direction vec-
tor. In this work, the arrays are placed in the XY-plane, and
the elevation angles are measured from the XY-plane. Besides,
the z-axis indicates the array height measured from the UPA
plane, which is assumed to be negligible, i.e., z, ~ 0.
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C. Self-Interference Channel

The most important issue in the IBFD transmission is
the introduction of the SI on the IAB-node. Due to the
proximity of the transceiver on the IAB-node, the attenuation
of the SI channel is significantly less than that of the typical
communication channels, which contributes high power SI to
the backhaul link and degrades its SE. In order to reduce the
effect of the SI, a staged SIC scheme will be introduced in
later sections.

Since the distinct SI channel model for the FR2 band
is still unknown, most of the works have considered
the hypothetical SI channel for narrowband communica-
tions [6], [24]. Fortunately, a hypothetical model is pro-
posed for the wideband SI channel in [25]. According to
[24], [25], after some minor modifications, we model the
hypothesis wideband SI channel as follows. Unlike the general
channel in the previous subsection, the SI channel is likely to
be modeled as a Rician-alike channel with Rician factor k.
The LOS part, Hsy 1, is adopted to a near-field model with
spherical waveform and is assumed to be frequency flat. The
frequency response of the LOS component is given as

Hgip = [a.(0",¢")a (0", ¢")] O R, (11)

where only one AoA/AoD is assumed for the LOS link. The
entries of R is [R]pq = ;= e=927 %" with r,, denoting the
distance between the pth element of the receive antenna and
the gth element of the transmit antenna at the IAB-node. v =
/nrnr is the normalization factor ensuring that the norm of
Hs; 1, remains the same before and after multiplying with the
steering vectors.

The NLOS part, Hgr N, is expressed similar to the general
channel model in (5), but with a few clusters and rays.
Consequently, the entire SI channel for subcarrier k£ can be
expressed as

| kK
Hgi[k] = mHSLL +

III. ANALOG SELF-INTERFERENCE CANCELLATION

1
——Hgi n[k].

K+1 12)

In this section, the working principle and limiting factor
of the conventional A-SIC idea are presented first. Then, the

Y
IBFD-IAB-node Tx

Ilustration of a wideband FR2-IBFD-IAB multiuser system with subarray hybrid beamforming.

OD-based canceler is described, followed by the implemen-
tation details of such canceler design for the FR2-IBFD-IAB
networks. In this work, we assume the antenna isolation has
already been deployed before A-SIC.

A. Working Principle and Limitations

A-SIC is essential to avoid receiver saturation. Otherwise,
the signal-of-interest cannot be quantized precisely [11], [26].
Active A-SIC is based on a subtraction idea, i.e., a replica
of the received SI signal generated by the analog canceler is
inserted into the receiver chain to subtract the received SI. The
canceler is made up of limited number of tunable delay lines to
capture the multi-path nature of the SI channel, where passive
components are utilized to construct tunable delay lines to
minimize the non-linearity effects. With multi-tap RF canceler,
one can cancel the SI from reflection paths in addition to the
direct path. By considering the hardware insertion losses, the
frequency response of a single multi-tap RF canceler can be
given as

M
hcan[w] = Z amﬁm (wI,m + ijm’L) eiijma

m=1

13)

where & is the attenuation introduced by coupling the RF
signal into the canceler; v, is the propagation loss of each
delay line; [3,, denotes the tap coupling factor [14, (4)];
wr,m and wq,, are tunable weights; and 7, is the delay.
The optimal weights are tuned to minimize the difference
between the frequency components of the canceler and the SI
channel within the band of interest (Bol) (for details, see [11]).
Equation (13) suggests that the number of taps M decides
the available degrees of freedom for this optimization. The
key factor for efficient wideband A-SIC is the realization of
a sufficient number of taps (i.e., delay lines) [27]. For wider
operational bandwidth, more frequency components need to
be optimized, and more degrees of freedom, i.e., taps, are
required.

B. OD-Based A-SIC

For the conventional canceler, the insertion losses increase
with an increasing number of taps (i.e., «,, and (,, are
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Fig. 3. [Illustration of the OD-based analog canceler.

small for large m in (13)), which results in a large difference
between the signal power at the first and the later taps.
Therefore, the signals coupled into the later taps cannot
replicate the desired signal level and degrade the cancellation
performance. Conventionally, electrical attenuators and micro-
strips or cables can be used for constructing the tunable
delay lines. However, it is demonstrated that these electrical
components have significant propagation loss and coupling
loss that limit the number of effective taps [14], thus limit-
ing the operational bandwidth and cancellation performance.
Therefore, to overcome these drawbacks, an OD-based analog
canceler has recently been investigated in [14], whose structure
is illustrated in Fig. 3.

Regarding the OD-based canceler mechanism, the RF ref-
erence signal is first converted to the optical domain by
modulating onto optical carriers through the Mach—Zehnder
modulator (MZM). These optical carriers are generated by
tunable lasers according to the grating wavelengths, and the
power of these carriers is adjusted by variable optical atten-
uators (VOAs). Then, M optical carriers are combined by a
multiplexer (MUX) for propagating into a single fiber accord-
ing to the obtained weights. The reference signal modulated
on the optical carrier at wavelength Ap ,,, will be reflected at
the mth grating while propagating through the fiber-Bragg-
grating (FBG). This reflection happens at different gratings
causes different time delays to the coupled reference signal.
Next, the reflected signals are detected by photo-diodes to
remove the optical carriers. Finally, the canceler yields an
accumulation of multiple weighted and delayed versions of
the input reference signal as the canceler output [14]. Since
the weights are achieved by attenuators, which can only be
real and non-negative; however, the SI channel is complex.
Thus, four FBGs are needed to realize the complex response
of the canceler.
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The OD-based canceler can also be described by (13).
Compared with conventional canceler, OD-based canceler has
smaller insertion losses, i.e., ., and (3,, are almost constant
with increasing m. Theoretically, almost constant insertion
losses in the OD-based canceler allow hundreds of effective
taps to be implemented to enlarge the operational bandwidth.

C. Proposed OD-Based A-SIC

In order to realize the OD-based canceler design in the
MIMO system, np X nr cancelers are traditionally required
to match the ng X np SI channel matrix, where each can-
celer is constructed and tuned as described above. However,
such a canceler deployment will be extremely costly for the
FR2 communications, especially for the OD-based canceler.
In order to reduce the cost, we tap off the SI signal from the
RF chains before the RF precoder at the JAB-node transmitter
and insert the outputs of these analog cancelers back to the
RF chains at the IAB-node receiver after the RF combiner
(see Fig 2) [28]. With this architecture, the required number of
analog cancelers can be reduced from n xXnp to U xU, which
is of great benefit to the cost and practical implementation.
Since a single canceler can be tuned by adjusting the weights
to imitate the estimated RF SI channel hgp pq[w] between the
pth transmitter’s RF chain to the gth receiver’s RF chain, where
p,q € {1,2,...,U}, the following optimization problem will
need to be run for each canceler established between the
pqth RF chain pair over the Bol, which is cast as

arg min
{wfh b,
[ . 2) w1
X Z Z {H}LSLM[W] - hcan,pq[W]H }
p=1qg=1 w=wo
st —1<wf? <1, -1<wpy,, <1, (14)
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where [wo, w1] spans the Bol, i.e., [27.8 GHz, 28.2 GHz] in this
work. The operator {||- Hz}ﬁlzwo means the sum of the squared
error across all frequency components within [wg,ws] since
the sampled version of the Bol is considered [27]. hcan,pq[w]
is the canceler response for mitigating the SI between the
pqth transceiver RF chain pair, which is represents by (13).
The constraints come from passive VOAs. With the channel
state information (CSI) of the estimated RF SI channel and
the frequency response of the canceler without VOA effects
being known as a prior, the optimal weights can be obtained
by the least-squares (LS) method.

Since the A-SIC performance mainly depends on the fre-
quency selectivity of the SI channel and the number of taps in
the canceler, and due to the fact that the RF beamformers
do not affect the frequency selectivity of the SI channel,
we assume the amount of cancellation for the RF SI channel
to be the same as that for the SI channel. Thus, we obtain the
A-SIC performance through simulating with the SI channel
instead of the RF SI channel and reflect the A-SIC effect by
simply scaling the SI signal with a power attenuation factor.

In this work, we assume antenna isolation also attenuates the
SI signal in a frequency-flat manner [29]. Thus, after A-SIC,
the term Hg;[k]xn[k] in (2) is scaled by /7 with the scalar
1 being the amount of SI signal strength attenuated by both
the antenna isolation and A-SIC.

IV. RF CODEBOOK DESIGN AND RF EFFECTIVE
CHANNEL ESTIMATION

In practice, the RF precoders/combiners are usually imple-
mented using finite resolution PSs, i.e., they are selected
from the pre-defined RF codebooks. Besides, the estimation
of the large and sparse mmWave channel is difficult in reality.
Motivated by these, in this section, a modified LBG algorithm
will be introduced for designing the RF codebook, followed
by the estimation of the RF effective channels after A-SIC.

A. Modified MSE-Based LBG Algorithm for RF Codebook
Design

The LBG algorithm is a popular vector quantization scheme
and is treated as an extension of the Lloyd-Max scalar quan-
tization algorithm [30]. Conventionally, for a matrix quantiza-
tion, the existing codebooks work by vector-wise comparison
can lead to a low-rank behavior on the quantized matrix>.
Therefore, to avoid that, we modify the LBG algorithm to
yield the B bits codebook with matrix codewords directly,
whose steps are described as follows.

o Step 1 (Initialization):

Given the training set F = {FRF$t|t = 1,2,...,T,
|Freel,, = 1if [Fred,, # 0} with T entries,
whose each entry is a block diagonal matrix with each
block denoted by the angle of complex Gaussian random

2Suppose each subarray has multiple RF chains. With a vector-wise code-
book, likely, the columns for the RF beamforming matrix of a certain subarray
may be assigned to the same vector codeword, which can result in a low-rank
matrix and the loss of degrees of freedom.

numbers with zero mean and unit variance®. The code-
book C is initialized with an entry C;(0), obtained by
the angle of the mean value of the training set as

(15)
o Step 2 (Splitting):
This step splits each entry of the b bits codebook C into
two new ones to initialize the b+ 1 bits codebook, where
b =0,1,...,B — 1. To achieve that, we perturb each
entry C;(b) as,

Cz('?i-)Qb(b‘F 1) = ejarg(x/mci(b)+ePi(b))7
C({o)(bJr 1) = ejarg(\/l—_GZCi(b)—ePi(b))7 (16)
where i = 1,2,...,2% € is a small positive value

(e.g., 1073), P,(b) is a block diagonal matrix, whose
each block is drawn from the angle of CN(0,1) random
numbers.
o Step 3 (Cluster Assignment):

In this step, using the nearest neighbor routine based
on MSE, the training set is divided into 2°%! (i.e., |C|)
clusters, the centroid of cluster j is given by C;v) (b+1),
where v = 0,1,...,V — 1 with V being the max-
imum number of iterations of Step 5. E.g., Fryp.

is in the cluster 1 if d(FRp’t,CEU)(M—l)) <
d(FRp,t,C§”)(b+1)), Vi = L2...C

d(X,Y) = p_lQ 25:1 Zqul (X]p.q = [Y}pyq)Q’ and P,
(Q denote the number of rows and columns of the matrix,
respectively.
o Step 4 (Centroid Update):

Each entry of the codebook is updated with the centroid
of the corresponding cluster. The centroid is computed
via the solution of the following optimization problem,
that is

, where

A(v) _ :
C,7(b+1) = arg nin Z 4d
C; (b+1)FRF,t€J

x (Fre €0+ 1)) .an

Thus, the new centroid C;U)(b +1) is given by the angle
of the mean value of all Frr; in the jth cluster.

o Step 5 (Inner Loop):
Go to step 3 until the maximum number of iterations V'
is reached (e.g., V = 50).

o Step 6 (Outer Loop):
Go to step 2 until the length of the codebook b + 1 is
equal to the desired codebook length B.

3Optimally, the training set should have consisted of the optimal RF
precoders/combiners, which are derived by the angle of the dominant
eigenvector(s) corresponding to the eigenvalue decomposition (EVD) of the
channel correlation matrix (i.e., the sample covariance matrix) [17]. However,
as aforementioned, the mmWave channel is hard to be estimated. Therefore,
by exploring the distribution of the RF precoders/combiners, i.e., the values
in the RF precoder/combiner matrix are isotropically (uniformly) distributed
[31], [32, Lemma I, 2], we construct the entries of the training set by the
angle of CN(0, 1) random numbers.
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B. RF Effective Channel Estimation

Given the RF codebooks, we can estimate the RF effective
channels for designing the BB beamformers. Note that the
RF effective channels estimated in this section are those
after A-SIC by assuming BB beamformers to be identity
matrices [13].

There are two phases in the RF effective channel estimation:
i) RF precoder-combiner pair selection; ii) RF effective chan-
nel estimation. The RF beamformers are designed to maximize
the desired signal in their corresponding links. We treat the
whole OFDM symbols as pilots and assume only the IAB
donor or the IAB node can transmit data in a time slot.
Moreover, the identity BB beamformer matrices are omitted
here.

1) Phase 1 (RF Precoder-Combiner Pair Selection): The
received backhaul link signal of the kth pilot subcarrier at the
IAB-node, which uses the pth codeword of the codebook Fp
as the RF precoder and the gth codeword of the codebook Wy
as the RF combiner, is given by

Yn[k|(p, ) = Witpn o [Hxp [K]FreD p (Sp (k] + Ep [k])
+ Zn k] + GuE],  (18)

where Splk] € CUY*U is the matrix of orthogonal pilot
signal with Sp[k]SH [k] = £51y. Eplk] € CV*Y, Gplk] €
CY*V, and Zx[k] € CUXY are the noise matrices caused
by the transmitter HWI, receiver HWI, and Gaussian noise,
respectively, following the same statistics in (1) and (2).

Similarly, the jointly received access link signal of the
kth pilot subcarrier across all UEs, which uses the pth code-
word of the codebook Fy as the RF precoder and the
qth codeword of the codebook Wg as the RF combiner, is cast
as

Y&[k(p, q) = Wipp, o[Hen[kFrex p (Sx[k] + Ex[k])
+ Zg k]| + Gglk], (19)

where the matrix of orthogonal pilot signal Sx[k] € CU*Y has
Sn[k]SH[k] = £51y. Ex[k] € CV*Y, Gglk] € CV*Y, and
Zglk] € CUXV are the transmitter HWI, receiver HWI, and
Gaussian noise matrix, respectively, with the same statistics
in (3) and (4).

According to the beam management [33], each time, a code-
word is chosen from their corresponding codebook and the RF
precoder and combiner pairs that can maximize the received
power among all pilot subcarriers are selected, given as

K
{Frep, Wren} = argmax» [ Yx[kl(p, @)% (20a)
X R

subject to Frrp,, € Fp,
Whgen,g € Wn.  (20b)
K
{Fren, Wrrg} = arg mp%xz IYelk(p. o)l (2la)
k=1
subject to Frrn,p € Fn,
WRFE,q € Wk. (21b)

In this work, the RF beamformers for all nodes can be
selected from the same isotropic RF codebook derived from
the last subsection.
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2) Phase 2 (RF Effective Channel Estimation): Given the
RF precoder/combiner, one can estimate the RF effective
channel with the help of pilot signal by standard estimation
methods, such as, the LS.

Consequently, after estimation, we can write the ideal RF
effective channel matrix as the sum of the estimated RF
effective channel matrix I:I?J;f [k] and the estimation error
matrix A)[k], given as

W Hxo[kFrep = B [k + Axplk],  (22)
VIWH Hgi[k]Fren = HE (K] + Asi[k],  (23)
W sHen [FFren = HES[K] + Apx[k],  (24)

where we assume the channel estimation errors Anplk],
Agi[k], and Agn[k] have the covariance matrices of
Cov [AND[]C]] = Us,NDIM’ Cov [ASI[]C” = Uz,SIIM’ and
Cov [AEN[k]] = U?,ENI]W [34], [35]

V. DIGITAL SELF-INTERFERENCE CANCELLATION

After A-SIC, the RSI left by previous stages will be
processed in the digital domain of the IAB-node receiver.
In practice, since the IAB-node knows its transmitted code-
word sn[k] and we can know the estimated RF effective SI
channel I:IE{ T[k] by the process in Section IV. Then, with the
hAelp of successive interference cancellation, we can cancel out
H[/ [K]Fpn [Ks[k].

Consequently, after subtraction, the decoded signal at the
IAB-node in (2) can be reconstructed as

[k = Wik [k] (k] + k)

where Wppn[k] is designed to act as the minimum
mean-squared error (MMSE) BB  combiner, which
will be described in the next section. yy[k] =
Wilpn (Hyp[k]xp k] + /nHsi[k]Frrnex (k] + zn[k])  +
ASI[k]FBBN[k]SN[k]

(25)

VI. SPECTRAL EFFICIENCY AND BASEBAND
BEAMFORMING DESIGN

A. Spectral Efficiency

Define ¢ = Ifb and substitute (1), (22), and (23) into (25),
the SE of the backhaul link is expressed according to (25),
given as

K
1
Ry = e ]; log, det{IU + Wipn k] @, [k Wrpn K]

X (WgBN[k]Qb[k]WBBN[kD71 }7 (26)

where ®,[k] is the covariance matrix for the known part
of the desired signal. €2;[k] represents the covariance matrix
consisting of the noise given by the channel estimation error,
the transceiver HWI, and the Gaussian noise.

Bolk] = CHS PanolF o ] (BH ) @)
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k] = Q" [k] + 7 1 + 7 ] + ok Wiy Wrey
|y —

Gaussian noise

2 k) + k] + 2 k] + 03 T,

)

=

(28)

where (a) is derived according to the property of RF beam-
formers, i.e., W Wren = 221y

1K) = Cov| B [Henlk] + AxpHen(]

backhaul channel transmitter HWI

+ Anplk]Fseplk]sp[k] }
backhaul channel estimation error
Bt lding [Fomp K lw] (B 1)
+ Ue,NDC(P + Dtr [Feep[k]Fipp k] Iu, (292)
where (b) is obtained by following simplifications:

[Cov [Anp[klep k]l ,,

-,

[l 111,
UeNDZ|: {{eD QL}LM&mm

= 02 NpOmntr [E {ep[klef k] }]
= o2 ypCptr [diag [Feep [K]FGpp[k]]] 6m.n
= o7 xpCptr [Feep [K|Ffpp k] 6,

[Cov [Anp[k]FgeD[k]sp[k]]],,

cz[ {{avotia] - |PoonligFtsoi]

o] 3.,

=0 NDCZ FBBD k]FBBD[kH

P,q
=4 Ug,NDctr [FBBD[k]FgBDUfH Om,m-
Q) [n] = cov[ﬁg{f [klex[k] + Agi[k]ex]k]
SI channel transmitter HWI
" ASI[k]FBBN[k]sN[k]}
SI channel estimation error
N H
9 oAl [k]diag [Frpx [ k)] (AL k)
+ 02giC(p + 1)tr [Fepn[k]Fipy (k] I, (30)

where (c) is derived by using the similar simplification
processes shown in (29b) and (29c).

") k] = pdiag [Cov [k |

receiver HWI

= fBdiag {«b,,[k;] + ) [k] + Q7 [k] +

Al

m,p p,n

ep k]

(29b)

m,p p,q

X

Om,n0p,q

(29¢)

) 1
i IU}.
(31)
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Next, we will derive the sum SE expression of the access
link across all users. The decoded signal at the uth user is
given as

yp.ulk] = Wipp o (Hex, o[kl [k] + 25,0 [K]) +95.0[k]-

UE,ulk]

(32)

By substituting (3) and (24) into (32), we can have the sum
SE expression of the access link as follows, that is

oo o 2

where @, ,,[k] denotes the covariance for the known part of the
uth user’s desired signal and 2, ,, [k] represents the covariance
of the noise given by the multiuser interference, the channel
estimation error, the transceiver HWI, and the Gaussian noise
at the wth user.

~ H
Pulk] = CBEN, K, (K1 k] (BERLI) L 34)

(33)
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727

728

where FIEY (K] = [(hgld | [K)T, (bl (k)7 .. .., (B o [K])T) res

with {hgld [k]}Y_, € C1xV.

Quulk] = QELK] + QELK] + QP K] + ofWilps o, WREE.«
[ ——

Gaussian noise

D o) k] + Q2L [k] + QEL K] + 02 Ng, (35)

where (d) comes from the property of RF beamformers,
i.e., WgFE,uWRFE,u = NR.

QLK

Soo| 3 WAL o K 11+ Kl ]

v=1,v#u —’_/
transmitter HWI

multiuser interference

v ~ H
= ¢ Y B Klfsen . K8 (] (BEN, 1)
-~ ’u@f’; H erf )
+ Cohid Klding [Fonn KIFfsn k)] (B, K)
(36)

where sx[k] = [sn.1[k], sn2[k], - .. snolE)]"

Q((fi [k] = Cov| Agn,u[klex[k] + Apn,u[k]FpeN[k]sn[K] }
transmitter HWI channel estimation error
(e o H
= Ue,EN((p + 1)tr [FBBN[k}FBBN[k” s (37)
where AEN [k] = [(AEN’l[kJ])T, (AEN72U€])T7 ey

(Apnoulk])T]" with {Apnu[k]}—, € C™Y and (e)
is obtained by adopting the similar simplifications in (29b)
and (29¢).

QELK = B l17e.alk]”
————
receiver HWI

= B (@aulk] + QLK) + QK] + 0ENR) . (38)
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B. Baseband Beamforming Design

Given the RF beamformers and RF effective channels
derived from Section IV, we aim to design the BB beam-
formers for both the backhaul and access links.

For the backhaul link, the kth BB precoder which max-
imizes the SE is obtained using the right singular vectors
Vnp[k] of the kth estimated RF effective backhaul link
channel matrix HZ/ [k], that is

Fgep (k] = [Vap[K]]. 1.0 -

Due to the precoder constraint, the BB precoder is updated
VUFgep[K]
as Fpop[k] < rnFamn AT -
Next, the design of the BB precoder Fppn[k] at the
IAB-node transmitter aims to null the multiuser interference

by the zero forcing, which is

(39)

. HI. . H] !
Punx i = () [ ()| o
Similarly, the BB precoder should be normalized as
Yu e {1,2,...,U}.

Finally, with the fact that the channel estimation error is
uncorrelated with the data vector, and we assume the strength
of HWI and channel estimation error are known as a prior.
The MMSE BB combiner for the kth subcarrier Wppn k]

is designed by solving the following optimization problem,
which is

feBN,u (k]
BN ulk] — Fren fonm.. FT,

arg min E {||sD[k] 4 yN[k]u‘;’}. 1)

Ween (k]

9E{|lsp [k =9~ K13}
OW g (K]

By solving
we have

= 0 (see Appendix-A),

Wgen k] = E { <§N (k] + &N [k})

< E { (In[K] + gnk]

VII. SIMULATIONS

In this section, simulation results will be shown to ana-
lyze the performance of our designed networks. Each subar-
ray (users) has 16 x 4 UPA with 1 RF chain. The rolling factor
of the pulse shaping filter is 1. Both communication links
have Ng = 8 clusters, each with Ny, = 10 rays, whereas the
NLOS component of the SI channel has N¢ = 2 clusters, each
with Nj, = 8 rays. Both azimuth and elevation AOAs/AODs
can be expressed as the sum of the mean angle of each
cluster and the angle shifts in the cluster. The mean azimuth
and elevation AOAs/AODs of each cluster are assumed as
uniformly distributed in [—m, 7], and [—7%, %], respectively.
In each cluster, the AOAs/AODs have Laplacian distribution
with an angle spread of 5°. The transceiver arrays at the IBFD-
IAB-node have a separation angle of Z. Assume o3 = 0 =
o2, we define SNR £ J;IQU, where P, = % is the ratio
between transmit power and average path loss according to
the Friis” law. We let HWI factors p = [ be the same for all
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Fig. 4. Comparison between the performance of (a) traditional micro-strip
analog canceler; (b) OD-based analog canceler (SI channel has a delay spread
of 200 ns).

channels. The backhaul link SE of the HD scheme is given
by removing the part relevant to the SI in (26) due to non-
simultaneous transmission and reception. Moreover, for both
links, the (sum) SE expressions for HD transmission need to be
scaled by 0.5 since separate time-frequency signaling channels
are used for backhaul and access link. Other parameters and
their default values used in the simulations are summarized in
Table I.

A. Performance of OD-Based Analog Canceler

Assume the propagation loss of the FBG (coiled
into 2 cm) is 0.461 dB/m, and that of the micro-strip is
2.967 dB/m [14]. The OD-based design uses a 20 dB hybrid
coupler to couple the RF reference signal into the OD-based
canceler, while the conventional electrical canceler uses a 0 dB
coupler. Besides, to explore the best performance, the tap
delay varies according to the number of taps to cover the
delay spread. Fig. 4 shows the A-SIC abilities (in dB) of
the traditional micro-strip canceler (see Fig. 4(a)) and the
OD-based canceler (see Fig. 4(b)) for different bandwidths
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TABLE I
SYSTEM PARAMETERS AND DEFAULT VALUES

Notation Physical Meaning Values
K Number of subcarriers 512
D Number of cyclic prefixes 128
W Bandwidth 400 MHz
fe Carrier frequency 28 GHz
U Number of users (subarrays, RF chains, data streams) 4
Np,np | Number of transmit antennas at the IAB donor and the IAB-node, respectively 16 x 16, 16 x 16
ngr, Ngr Number of receive antennas at the IAB-node and each user, respectively 16 x 16, 16 x 4
. . . —174 dBm + 10Iog;o W
ON,OE Gaussian noise power at the IAB-node and each user, respectively +10 dB
Ts Sampling time W
Te,l Path delay U(0, DTy)
Qe Complex gain CN(0,1)
0 Reference distance ITm
r Distance between transceiver, respectively 100 m (0.1 m)3
o Path loss exponent 3.4 [23]
A Wavelength 3 x 108/ f.
K Rician factor 10 dB
n Power of the SI signal attenuated by antenna isolation and A-SIC -80 dB

47 =100 m for backhaul and access link channels; r = 0.1 m (= 10\ [36]) for SI channel.

and numbers of taps. Simulations are run with 200 ns of
significant delay spread for the SI channel, which reflects a
bad channel condition. Although a measurement for the SI
channel delay spread is done in [37], a general delay spread
value is still lacking in the literature. Fig. 4(a) shows that
creating a large number of taps with conventional electrical
components (e.g., cables or micro-strips) degrades the perfor-
mance rather than improving it due to significant insertion
losses. It can be seen that less than 15 dB of cancellation
is achieved under 200 MHz bandwidth. Fig. 4(b) shows that
under 400 MHz bandwidth, OD-based canceler can achieve
around 25 dB of cancellation in FR2 wideband with 100 taps,
which is also proved in [14]. Note that this result shows the
cancellation ability that can be achieved between a single RF
chain pair. In this work, we assume antenna isolation and
our A-SIC can attenuate the SI signal power by 55 dB [10]
and 25 dB, respectively.

B. Performance of the Proposed Codebook Design

The comparison on the (sum) SE of the backhaul and
access links with RF precoders/combiners selected from our
proposed matrix-wise codebooks and vector-wise codebooks
designed by conventional MSE-based LBG algorithm in [30],
respectively, for the subarray structure is plotted in Fig. 5.
In order to get a fair comparison, a b-bit vector codebook
should be compared with an Nrrb-bit matrix codebook, where
Nrgr is the number of RF chains®. We assume perfect CSI and
hardware. The RF precoders/combiners with infinite resolution
PSs are designed according to [17]. It can be seen that, for
both kinds of codebooks, as the number of codebook size
increases, the performance becomes closer to the ideal one
(i.e., infinite resolution). Obviously, our matrix codebook can
provide better performance than the vector codebook designed
by the conventional LBG algorithm, which shows the success-

SFor vector quantization, since each column of the RF beamformer matrix
selects one codeword from a b-bit vector codebook, we can get oNRFb
different candidate matrices, which is equal to the number of codeworks in a
NRyb-bit matrix codebook.

ful applicability of our modified MSE-based LBG codebook
design. However, there is still a small gap between the ideal
one and the curves derived with 8 bits matrix codebook for
both links. A large size of codebook can be used to reduce
the gap. Moreover, the HD operation yields lower (sum) SE
than that of the IBFD scheme.

C. Performance of Different Beamforming Schemes

Fig. 6 shows the SE of the backhaul link for different beam-
forming schemes. The ideal curves are plotted by assuming
perfect CSI and SIC without HWI. The design of the RF
precoders/combiners for the ideal fully connected and subarray
structures follows the process in [17], which have infinite
resolution. The non-ideal curves are plotted by our proposed
design algorithm with 8 bits RF codebook and setting p =
B=—80dB, 0?yp = 0Zpy = 0.5 = —120 dB. It can be
observed that for the IBFD scheme, these three beamforming
schemes evaluated in the figure are separated by a significant
rate loss. Although the rate loss is evident, the subarray
structure can significantly reduce the hardware complexity
and provide low-computationally intensive precoders, which
is beneficial for industrial implementations. Further, with our
staged SIC, the SE of the subarray structure is very close to
its ideal one; however, it shows some degrees of freedom loss
at high SNR due to RSI caused by HWI and RF effective
channel uncertainties. Fortunately, the losses on degrees of
freedom and SE are further reduced by increasing the number
of RF chains at the IAB-node receiver from 4 to 8 (see the
green and orange curves in Fig. 6).

D. Effect of RSI on the SE of the Backhaul Link

In Fig. 7, with RF precoders/combiners selected from 1,
4, 8 bits codebooks, respectively, we would like to study
how the RSI caused by RF effective SI channel estimation
error and HWI can affect the SE performance of the backhaul
link at different SNR values. With p = § = —80 dB and
0ZNp = 02y = —120 dB, we plot the SE performance of
the backhaul link in Fig. 7(a) by varying the channel estimation
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Fig. 5. Comparison on the (sum) SE of 4-subarray hybrid beamforming
structure with different kinds of codebooks for (a) backhaul link; (b) access
link with 4 users. Each subarray (user) is equipped with 16 x 4 UPA and 1 RF
chain (perfect CSI without HWI).

error of the SI RF effective channel. Interestingly, it is worth
noting that as the size of the RF codebook increases, the
intersection point (i.e., the point where both the IBFD and HD
have the same performance) shifts to the right at a fixed SNR,
which means the system can tolerate more RSI caused by
channel estimation error. On the contrary, when the codebook
size is fixed, as SNR increases, the intersection point shifts
to the left. By assuming all effective channels have the same
estimation error of —120 dB, Fig. 7(b) shows the backhaul
link SE performance with varying HWI factors. Similar to the
trend in Fig. 7(a), with the same codebook size, as the SNR
increase, the system can tolerate less RSI caused by HWI. The
tolerance is improved at a fixed SNR when the codebook size
increases. Moreover, an almost doubled SE can be achieved
by the IBFD compared to that of the HD when HWI factors
(and channel estimation errors) are small enough, as can be
seen in Fig. 7.
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Fig. 7. SE of the backhaul link at SNR = —5, 0, 5 dB with 4-subarray hybrid
beamforming structure, where RF beamformers are selected from different
size of codebooks, in the presence of different values of (a) SI RF effective
channel estimation error (p = 8 = —80 dB, ag’ND = ag’EN = —120 dB);
(b) HWI (p = B, 02 xpp = 02 gy = 02.g1 = —120 dB).

VIII. CONCLUSION

In this paper, we have studied FR2 wideband IBFD-IAB
networks under subarray structures, which are simpler to
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deploy and more cost-effective than fully-connected ones. For
this system, we have proposed the RF codebook design for the
subarray structure with hybrid precoding. Compared with the
traditional vector-wise codebook, our matrix-wise codebook
can avoid low-rank matrix and loss of degrees of freedom.
We also introduced the staged SIC scheme. In order to reduce
the deployment cost, we have established the canceler on each
RF chain pair and utilized the OD-based analog canceler to
reduce the effect of insertion loss. The RSI left by the A-SIC
was handled in the digital domain by successive interfer-
ence cancellation and MMSE BB combiner. Simulations have
shown that under 400 MHz bandwidth, our OD-based canceler
can achieve about 25 dB cancellation with 100 taps as well as
experiencing constant insertion loss, which cannot be realized
by the traditional micro-strip canceler. With large HWI and RF
effective SI channel uncertainties, the IBFD transmission expe-
riences performance limitation in the backhaul link; however,
for small HWI and uncertainties, the IBFD promises almost
doubled SE compared with that of the HD.

Further work will include investigating multicell IBFD-IAB
systems, optimal power allocation, and efficient antenna can-
cellation. Besides, the SI channel model will also be studied
by real-world measurements or other reliable mathematics
models.

APPENDIX A
MMSE BB COMBINER

alE{HsD[k:] —§N[k}||§}

OW iy [K]
_ OE {(sp [k] —yn[k]) (sp[k]—yn[k]) 7}
OW i (]
OE {sp[k]sf [k]-sp K]y [kl=y~[klsp [k+ynk]y{ (K]} .

OW gy k]
(43)

By substituting (25) into (43), we have
OF {|lsn[k] = gn[K]/3 }
OW s [F]
= — (In[H] + gn[K]) sE M
+ (5lh) + oxlk]) (Fulk +exlH]) WonnlH. @4

Let (44) equal to 0, we can have the MMSE BB combiner
given in (42).
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