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Abstract—Integrated satellite-terrestrial networks (ISTNs) are
essential for providing ubiquitous mobile ultra-broadband service
in beyond 5G networks. The spectral efficiency and reliability of
ISTN depend on the integrated architecture and its operational
strategies including interference management and resource allo-
cation. Our view is to integrate terrestrial access and satellite
backhaul networks and to develop an optimization technique for
their joint operation. This paper proposes an efficient integrated
access and backhaul (IAB) architecture for satellite-terrestrial
networks (STNs) based on reverse time division duplexing (TDD)
considering both uplink (UL) and downlink (DL). In particular,
in-band backhauling and gNodeB (gNB) cooperation are con-
sidered for high spectral efficiency and reliability. A framework
for joint optimization of cooperative beamforming and resource
allocation is developed to maximize the UL-DL rate region of
the in-band IAB. The proposed scheme is verified using the 3rd
Generation Partnership Project (3GPP) standard channel models.
Results show that the proposed scheme significantly outperforms
the conventional wireless backhauling, while approaching to an
outer bound of the UL-DL rate region.

Index Terms—Integrated satellite-terrestrial networks (ISTN),
satellite backhaul, integrated access and backhaul (IAB), reverse
time division duplexing (TDD).

I. INTRODUCTION

Non-terrestrial networks are expected to play a key role
in vertical domain expansion of beyond fifth generation (5G)
mobile communications and have been under exploration in
3rd Generation Partnership Project (3GPP) [1]-[3]. Vertical
domain expansion is crucial to support global broadband
coverage for ubiquitous mobile ultra-broadband service, which
is one of the potential service classes in beyond 5G com-
munications. Enabling techniques for this service include the
advanced backhaul connections using the millimeter wave
(mmWave) band and the integrated satellite-terrestrial net-
works (ISTNs) [3], [4]. To establish the global broadband
coverage, advanced geostationary orbit (GEO) satellite con-
stellations (e.g., Viasat’s ViaSar-3 and Inmarsat’s Inmarsat-6)
are expected. Low earth orbit (LEO) satellite constellations
(e.g., SpaceX, Amazon, OneWeb, Telesat, and Boeing) are
also being formed in the industry.

As one of various ISTN implementations, integrated access
and backhaul (IAB) architecture is a key for providing global
broadband coverage by combining terrestrial access networks
with satellite backhauls, particularly for urban hotspot, disaster

area, and isolated rural areas [5], [6]. For example, satellite-
terrestrial networks (STNs) with IAB can achieve a higher
capacity than direct satellite access by exploiting high transmit
power and beamforming (BF) gain of terrestrial gNodeBs
(gNBs). The satellite backhaul also benefits from flexible and
cost-effective network operation.

Wireless backhauling has received attention in the area
of terrestrial networks due to easy installation and flexible
operation, which has been standardized under the name of IAB
in 3GPP [7]-[10]. Wireless backhaul systems can be deployed
with either out-of-band backhauling or in-band backhauling.
The works in [9], [10] have shown that in-band backhauling
is more resource-efficient than out-of-band backhauling. These
works have focused on downlink (DL) BF design assuming a
base station-centric user association in the access networks. To
enable the global broadband connectivity, a spectrally efficient
BF scheme for STNs with in-band IAB is needed.

BF design for terrestrial-satellite networks has been largely
studied in recent years [11]-[15]. The work in [11] designed
a multi-user BF scheme for the satellite communication sys-
tem without consideration of coexistence or integration with
terrestrial networks. The works in [12]-[14] have considered
coexistence of the satellite access network and terrestrial ac-
cess network. They have considered the satellite as a separate
base station serving users rather than as a wireless backhaul.
The work in [15] designed a BF scheme for the in-band IAB
in STNs with an earth station. However, it only considered
the DL transmission with a single base station. For spectrally
efficient in-band IAB, joint optimization of BF and resource
allocation is needed in the STNs that accounts for both uplink
(UL) and DL characteristics.

This paper proposes an in-band IAB architecture for STNs
considering both UL and DL. We develop a framework for
joint optimization of cooperative BF and resource allocation.
We advocate the use of reverse time division duplexing (TDD)-
based IAB, which enables spectrally-efficient STNs. The key
contributions are as follows:

e we propose an IAB architecture for mmWave STNs based
on reverse TDD and gNB cooperation, which enables a
spectrally efficient in-band backhauling;

e we design an optimization algorithm that maximizes the
weighted sum of UL and DL rates, which can enlarge the
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UL-DL rate region of STNs; and

e we quantify the gain of the proposed in-band IAB scheme
over the conventional orthogonal backhaul scheme using
3GPP channel models.

Notations: A random variable and its realization are denoted
by x and z, respectively. A random vector and its realization
are denoted by x and x, respectively. The m-by-m identity
matrix is denoted by I,,. The transpose and conjugate trans-
pose are denoted by ()T and (-)T, respectively.

II. SYSTEM MODEL

A. In-band IAB for STNs

Consider an STN with a single GEO satellite providing
wireless backhaul links to a terrestrial network within the area
of a single satellite beam. The terrestrial network consists of B
gNBs and U user equipments (UEs). The gNBs are equipped
with an antenna array of M elements, while the UEs have
a single antenna. The gNBs cooperatively transmit/receive
the signals to/from the satellite and UEs by exploiting the
multi-node diversity and BF gain. The STN is assumed to
operate in mmWave band, e.g., Ka-band, which is suitable for
providing potential broadband services. In the mmWave STN,
we assume that direct links between the satellite and UEs are
not considered due to limited link budget.

We adopt the in-band operation between the backhaul and
access links with interference management. Resource alloca-
tion and BF are optimized considering both the UL and DL.

B. Reverse TDD for STNs with IAB

For efficient channel usage, resource allocation is necessary
according to UL and DL traffic demands. In this regard, 5G
New Radio (NR) uses various UL-DL configurations for TDD.
Particularly for the in-band IAB, we adopt the reverse TDD as
in Fig. 1, which is useful for interference management between
the backhaul and access links [16]. At time slot 1, the backhaul
DL and access UL signals are transmitted from the satellite
and the UEs to the gNBs. At time slot 2, the backhaul UL
and access DL signals are transmitted from the gNBs to the
satellite and the UEs. In this way, self interference is avoided
using half duplex gNBs, and interference between backhaul
and access is mitigated by gNB BF. The time fractions 7 and
1 — 7 are allocated to the time slots 1 and 2.

The reverse TDD is useful in STNs to take into account
a long propagation delay in the non-terrestrial channel. The
conventional TDD system requires a guard period between DL
and UL that equals to the maximum round trip propagation
delay. This is not applicable to the network with a GEO
satellite because of a long propagation delay, e.g., 119.29 ms
for a one-way at the elevation angle of 90°. Instead, in the
reverse TDD-based IAB system, a TDD frame length can be
chosen to be a fraction of the long propagation delay so that
the UL and DL signals can be transmitted consecutively in
separated time slots [17].

) “‘-‘ Satellite —— Time slot 1
"ﬁ, ---> Time slot 2

Terrestrial network

Fig. 1. The proposed STN with in-band IAB based on the reverse TDD and
gNB cooperation.

C. Non-Terrestrial and Terrestrial Channel Models

The backhaul DL channel from the satellite to the bth gNB
and the access UL channel from the uth UE to the bth gNB
are commonly expressed by an M x 1 vector as

hb,u = Eb,uwb,u (1)

for b = 1,2,...,B and v = 0,1,...,U, where v = 0
indicates the satelhte while u > 1 mdlcates the UEs. §; ,, and
®;,, denote the large- and small-scale channels, respectively.
Based on TDD recipr001ty, the backhaul UL and access DL
channels are denoted by h . We adopt the 3GPP models in
[18], [19] for both the non- terrestnal and terrestrial links.
Both Eb,u and ®,, in (1) depend on the existence of the
line-of-sight (LOS) path, which is modeled as the Bernoulli
random variable x,, € {0,1} with respect to the LOS
probability. The LOS probability is a function of the elevation
angle «y, between the satellite and the bth gNB [18] or the
distance d; ,, between the bth gNB and the uth UE [19].
The large-scale channel in (1) is given by &, =

A /GbefGRX/Lb w With Lyg = AbF% AE% AE% AbGO AE o for
u=0and Ly, = A5 A%, for u > 1. G} and Gi¥% denote
the transmit and receive antenna gains, respectlvely Those for
the satellite are determined by the beam pattern as a function
of ay. The attenuation terms in Ly, depend on Xp v, 0, dp,u,
and the frequency f.. Specifically, AE% 1s the free space path
loss, AEIZ is the shadow fading loss, A is the clutter loss,
ASO is the atmospheric loss, and Ab70 is the scintillation loss.

The small-scale channel in (1) is given by
(L) N) .
@y = @ if xpo = 1 and @, = @, if
Xbu = 0 where wl(,Lu) £ Kp u/(Kb u+1) (¢b u;eb u)

VI Kot 1) S N%/@é’“z/NbuB“” a(gy, 005"

and (D(N) e Kb’u Nb’u Qb u/N bu k,n) (Pz(;kun ) e(kz’tn))

(»E,L 1ncludes a LOS path and clustered non-line-of-sight
(NLOS) paths, while oog\; includes only NLOS paths. The
Rician K factor is denoted by kp. For given xp., the
NLOS paths form K, clusters each with Ny, rays and

the normalized power Q,() ) such that >k 0p, 1) =1 [19]. The

L

complex path gain is denoted by Bbk ") The array response
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vector of the gNB is denoted by a(-). The azimuth and zenith
angles are denoted by ¢y, and 6, for the LOS path; by

cpl(,f:;m) and O&m) for the random NLOS paths, respectively.

D. Signal-to-Interference-plus-Noise Ratio (SINR)

The gNBs are assumed to obtain the channel state infor-
mation using pilot signals transmitted from the satellite and
UEs. These information are shared among the gNBs and used
for cooperative BF in both time slots 1 and 2 based on the
channel reciprocity. Since the relative positions of the GEO
satellite and gNBs are fixed, the channel coherence time of
the satellite backhaul link is assumed to be larger than the
round-trip propagation time.

At time slot 1, the received signals at the gNBs are
jointly combined with the BF vectors vy ,,, Vb for each u €
{0,1,...,U}. The SINRs for the backhaul DL and access UL
are expressed by

/ — |ZbB=1 V Pévg,uhbvuf (2)

U B 2 B
S5m0 | iy Piod ko [+ (02 ol

where u = 0 indicates the backhaul DL, and w > 1 indicates
the access UL. P/ is the transmit power of the satellite and
the uth UE. (¢0/)? is the noise power at the gNB.

At time slot 2, the SINRs for the backhaul UL at the satellite
and the access DL at the uth UE are expressed by

_ | Zszl V Pb-,uh:),uwbvuﬁ
Yu = (3)

Z?:o,#u | ZbB:I % Pb,jhz,uwb,j ’2 +o3
where u = 0 indicates the backhaul UL, and uw > 1 indicates
the access DL. The transmit power and BF vector at the bth
gNB for the satellite and the uth UE are denoted by P, ,, and
wy, .y, respectively. The total transmit power at each gNB is
limited by S°0_ [[wp |2 Py.u < P*. 02 is the noise power.

E. Optimal Receive BF at gNBs

Considering fixed transmit powers of the satellite and UEs,
the receive BF vy, ,,, Vb, v is optimized as follows. First, define
A
two concatenated vectors as h,, = [hrf,u, h;u, e h;u]T and
vy = [v],,v3,,...,v5,]T. From (2), the optimal receive
BF at time slot 1 can be found for given P/, Vu as

v, = argmax — T ; T s
Vo, v“(z‘j:&j;&u Pjhjhj +(0’ ) IMB)'Uu
which is the generalized Rayleigh quotient problem. The solu-
tion to (4) can be found by the dominant generalized eigenvec-
. U
tor of the matrices P'h,hl and > im0z ih h;r-.‘f'(o'/)QIMB.
Using vy, Vu in (4), the achievable rates per unit bandwidth
of the access UL and backhaul DL are given by R"“ =
Yuzlogs (1 4 (7)) and R™ £ logy (1 + v5(v5)),
respectively. Then the end-to-end achievable sum rates for the
UL and DL of the network are determined by the minimum
of the backhaul and access links, which can be expressed as

“4)

where 7 is the time fraction between the time slots 1 and 2.

III. OPTIMIZATION FRAMEWORK
A. Joint Optimization Problem

To maximize the UL-DL rate region of the STN with IAB,
the transmit BF and power allocation at the gNBs should
be jointly optimized with time allocation for every channel
coherence time. First, the set of the BF vectors and power
allocation and their power constraint are defined by

SE{wyy, Ppu:b=12,....B,u=0,1,...,U} (6
So 2{8: Y _ollwyu|?Pyu < P*, and Py, >0,%b}. (7)

Using (6), the SINRs in (3) can be expressed as a function of
S, ie., 7u(S). Then we aim to maximize the weighted sum
of RYY and RPY using (5), which is defined as

f(S,7) £ (min {TRUL, (1—7)log, (H—’Yo(S) )}
+(1 = O min {7RPY, (1-7) _ logy (147u(S) ) } (8)

where ( is a known weight for controlling the trade-off
between the UL and DL rates. From (6), (7), and (8), the
optimization problem is formulated as

Py f(S, 7).

maximize
SC8p,0<T<1

Solving &, for different ¢ will give an UL-DL rate region.

B. Optimization Strategy

To solve &), a sequential maximization approach is
used based on the fact that maxgcg oorc1 f(S,7) =
maxo<r<1 maxgcg, f(S, 7). Then a two-step optimization is
performed along with each variables, i.e., S and 7.

First, introduce the common power level p,, which is
commonly used at all the gNBs. Then the feasible constraint
set Sy can be equivalently expressed by S; 2 {S: |Jw,||> =
1,Yu, S0 lwy ||>pu < P*, and Py, = p, >0,¥b} where
w, = [wf,, w;,,. .. wg,]" [20]. Using S, the inner
problem for optimizing S is expressed for given 7 as

Py f(S,7).

Since the end-to-end UL and DL rates in the first and second
terms of (8) may be limited by 7RV and 7 RP", respectively,
S should be designed such that the transmit power is not
excessively allocated to one of the backhaul UL or the access
DL. In other words, the power usage of the gNBs needs to
be balanced between the backhaul UL and the access DL to
maximize the objective value.

Our strategy is to firstly obtain an initial solution assum-
ing no bottleneck in end-to-end links, i.e., RVL = ~ and
RPY = o0 in 2. Then further optimization process will be
conducted considering the bottleneck. The initial problem can
be seen as the conventional weighted sum rate maximization
problem, &1 : maxgcg, f(S) where f(S) = (logy(1 +
10(8)+(1=¢) 2V, logy (147, (S)), which can be solved by

maximize
SCS

R = min{rR", (1 - 7)log, (1 +70) } (5a) 0 o) (821 - .
DL ) L U using the existing algorithm in [20]. Once the initial solution
R = mm{TR , (1 =7) > log, (1 + %) } (5b) s obtained as S from P, the problem &7 can be modified to
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a constrained maximization problem depending on the values
of S and 7. Specifically, substituting S into f(S,7) can give
four different cases of formulating a constrained problem,
namely, Case A, Case B, Case C, and Case D, according to
the behaviors of the two minimum functions.
o Case A represents a condition in which 7 € T S) is
satisfied where Tx (S {T —7)log, (1 +v% (S)) >
7R and (1 —7) Zu 1 log, (1 + Yu (S)) < TRDL} In
this case, the access DL can be improved from the initial
optimization result while keeping the same rate of the
backhaul UL by solving the constrained problem,

Pia: maximize o logy (1474 (S))
SCS
subject to  log, (1 + 70 (S)) > ﬁRUL

o Case B represents a condition in which 7 € Tp(S 5) is
satisfied T(S) = {7- (1 -7 log2(1 + ’yo(S)) <
7RV and (1 — )Y 110g2(1 +7(8)) = TRPL).
In this case, the backhaul UL can be improved while
keeping the same rate of the access DL by solving

1B : maximize log, (1 + 0 (8))
SCS.
subject to Zgzl logy (1474 (8)) > ﬁRDL.

¢ The other two cases, i.e., Case C and Case D, do not
need further optimization processes because S is already
optimal for the following reasons. For Case C, i.e., (1 —
)log2 (1—1—% (S)) > 7RV and (1-7) Zu 1 log, (1-|—
v (8)) = TRPY, the objective value of 2, using S is
determined as (7RY" 4 (1 — ¢)7RPY, which cannot be
improved anymore. For Case D, i.e., (1 — 7)log, (1 +
70(60’)) < 7R and (1 —7) Zu  log, (1 +7u(8)) <
7RPL| it can be seen that 22, becomes equivalent to 3”1
In summary, the algorithm for the problem &7; can be de-
signed by using @1, P1.a, and P B.

IV. ALGORITHM DESIGN
A. Overall Algorithm for the problem &

The problem & can be solved by finding an optimal 7
while solving ;. First, the initial set S is determined by
solving & regardless of 7. For a given 7 of the main loop,
the inner problem, i.e., &1, is solved according to the strategy
explained in Sec. III-B. Since the objective function of #; has
a non-monotonic behavior with respect to 7, we use the ternary
search algorithm to find a local extremum. In Sec. IV-B, the
algorithms for 27 5 are presented while those for &7 5 are
omitted due to the similarity and page limit.

B. Algorithms for the problem &1 a

The problem &) o is decomposed into two subproblems
along with the two different design variables. First, the BF
vectors, w,,, Vu, are optimized for fixed common power levels.
Then the common power levels p,,, Vu are optimized for fixed
BF vectors. The two subproblems, namely, @Pi and 2% As
are alternately updated in an iterative manner.

Algorithm 1 BF optimization for the problem 2P}

Require: RY™ Ripoi, P, 02,5b, 0

1: Set fi to be a positive number

2wy — Ry /|| Puull, Vu

3: while wu,Vu does not converge within max iteration do

4: Update {HJ w, PjsVjs VJ, u}

50 (i p) < (0, )

6: while p does not converge do

7 i (i + )2 |

8: Update S,, and T, Vu using (14) and (15)

9: w,, < the dominant ergenvector of S, — T,,Vu
h} ,w

10: if log, (1+%) > ;Z-RY then

11: [ p '

12: else

13: [ p

14: end if

15: end while

16: end while
Return: w,,, Vu

1) BF optimization: For notational convenience, the ef-
fective channel from the gNBs to the wth UE (or
satellite) with respect to p; is defined as h,,; =2
[P s PPz s o /iR ] T for = 0,1,...,U.
Then ~, is expressed by a function of {wl}U o in ZPR
In addition, the constralnt S C & of P A s reduced to
|lwu|*> = 1,Vu in ZBL. A local optimal BF solution
to the non-convex subproblern 4@1B A 1s found by using the
Karush-Kuhn-Tucker (KKT) conditions. Omitting the detailed

derivation, the following relation is obtained,

foru=0,1,...,U, where matrices S, and T, are defined as
g & Hﬂo,o foru =0 (14)
v I:qu foru>1
T 2 {ZJU_1 ’ij{jp foru=0 15)
Z;.sz?éu viHjw+pyHo, foru>1

with Hju = uhju/(pj In2), p; & Y7o |kl wil? + 02,
and y; = |h jw;l? /L, it \h;’iwi|2 +07). pand A, are
the KKT multrphers for the two constraints, respectively. It is
worth noting that S, in (14) corresponds to the desired channel
component, while T, in (15) can be seen as the weighted sum
of leakage components from the uth UE or satellite to the other
nodes. From (13) and the primal feasibility, ||w,[|? = 1, we
have w] (S, — T.,)w, = A\,. Hence, for each iteration of the
algorithm, w,, can be updated by the dominant eigenvector
of the matrix S, —T;, given by using p,,,Vu of the previous
iteration. Using this update rule, an optimal p can be found
by the bisection method to meet the equality of the rate
constraint in &?; . The algorithm to solve the BF subproblem
is summarized in Algorithm 1.

2) Power level optimization: Define the effective channel
gain for given BF vectors as g, ; = ‘Zszr h;uwb_’j\Q =
|hiw;|? for u,j = 0,1,...,U. In addition, the constraint
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Algorithm 2 Power level optimization for the problem 2}

Require: RVY, P* wy, ,, hp o, 02, Vb, u

1: Set 77 and ¥ to be positive numbers

2: Initialize p,,, Vu with equal power allocation

3: Initialize vy, Vb with »

4: while p,,, Vu does not converge within max iteration do
5; Update {qu, ty, Su, Vu}

6 ()« (0.7)

7: while 7 does not converge do

s 0 (1 +1)/2

9: Update p,,, Vu using (16)

10: if log, (14 =207 ) > (2 RU" then
11: NN

12: else

13: NN

14: end if

15: end while

16: (I;b, ﬁb) — (07 D),Vb

17: while 14,,Vb does not converge within max iteration do
18: vy (U + Dp)/2,Vb

19: Update p,,, Vu using (16)

20: for b=1,2,...,B do

21: if Y. _o llwp,u||?py > P* then

22: Up < U

23: else

24: Up < 1

25: end if

26: end for

27: end while

28: end while
Return: p,, Vu

S C S of Py 4 is reduced to 25:0 lwp.u|l?pu < P*,Vb in
1. From the KKT conditions for the subproblem 7%,
we obtain the following relation,

+
n 3 —
— ifu=
[thbil Vbl[wy, o2 In 2 qo} 0

+
1 .
— fu>1
Cut 5t P vy w2 1n 2 q“} z

with qué(zi[io,i;,éugu,ipi+UZ)/gu7us tuéZjU:oJ;eugj,u'Yj/pj’
and sy, = go.uY0/po, Where p; = ZiU:O gjipi+o; and v; =
95,3 23/ (Cii0.i%; 9. i+0?). The function [z]* £ max(z, 0)
is used for the non-negativity of p,,.

In (16), p,, monotonically increases with 7 when v = 0
and decreases when v > 1 for given other variables. In
other words, the log function in the rate constraint of 7 s
monotonically increases with 7. Hence, for given {v,Vb},
an optimal 7 is found by the bisection search to satisfy the
equality of the constraint. Similarly, p,, is a monotonic function
of v, for given other variables. For each iteration, optimal
vy, Vb are found by the multi-dimensional bisection search
to satisfy that S°0_ [|wp.u|/?pu < P*,Vb. The power level
optimization algorithm is summarized in Algorithm 2.

V. RESULTS
A. Simulation Setup

The random channels are realized for given positions of the
nodes using the 3GPP non-terrestrial and terrestrial models

8 T T T T T

Outer bound of reverse TDD
7+ —O— Proposed reverse TDD-based ISTN ||
= = =ISTN with orthogonal backhauling

Achievable sum rate in DL [bps/Hz]

Q N

A
Pr=25dBm > 35dBm?t

1 2 3 4
Achievable sum rate in UL [bps/Hz]
Fig. 2. UL-DL rate region for different P*: M = 8 x 2.

in [18] and [19] as described in Sec. II-C. Specifically, the
3GPP urban scenario in [18] and UMi-Street canyon scenario
in [19] are adopted at mmWave frequency with the carrier
frequency of f. = 30 GHz and the bandwidth of 10 MHz. In
the algorithms, we set ji = 10°, 77 = 10, and © = 10.

The GEO satellite is located at the altitude of 35, 786 km.
The elevation angle between the satellite and the origin of
the terrestrial network is set to be 50°. Then dp ¢ and ay
are calculated by using the relative locations of the bth gNB
from the origin based on the coordinate system in [18]. The
satellite is equipped with an antenna aperture of diameter
3.3m, looking at the origin of the terrestrial network with
the maximum beam gain of 58.5dBi [2]. The antenna gain of
the satellite is determined as a function of «;. Specifially, the
beam pattern model in [18, Sec. 6.4.1] is used for Gij)( in DL
and GR¥ in UL depending on the location of the bth gNB.
The transmit power of the satellite is set to be P} = 50 dBm.

In the terrestrial network, B = 4 gNBs are located at
(125,125), (—125,125), (—125, —125), and (—125, —125) of
the xy-plane in meter, while U = 2 UEs are at (100, 30) and
(—40, —90). The heights of gNBs and UEs are 10 m and 1.5 m,
respectively. The gNBs are equipped with a cylindrical array,
which consists of My, circular arrays each with M¢ elements
such that M = M¢ x My,. The gNBs and UEs are assumed
to have omnidirectional antenna elements. The transmit power
of each UE is set to be P, = 23dBm, u > 1.

B. UL-DL Rate Region of the STN with IAB

Fig. 2 presents the end-to-end UL-DL rate region obtained
by varying ¢ € [0,1]. For comparison, an outer bound is
presented, which assumes that the maximum transmit power
P* is used with optimized BF in both backhaul and access
links separately with no interference between backhaul and
access. Moreover, the orthogonal backhaul scheme with TDD
is compared as a baseline. For this scheme, the rate region
is maximized by varying the ratio between the total UL and
DL periods, while optimizing time division ratios between
the access UL and backhaul UL and between the access
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8 T T T T T
Outer bound of reverse TDD
7k —O— Proposed reverse TDD-based ISTN |

Achievable sum rate in DL [bps/Hz]

0 . .
2 3 4 5 6
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Fig. 3. UL-DL rate region for different M: P* = 35dBm.

DL and backhaul DL. The proposed in-band IAB system
covers a significantly larger rate region than the orthogonal
backhauling, while approaching to the outer bound. Note that
the proposed scheme may not achieve the exact outer bound
at each axis, e.g., ( = 0 and { = 1, because of the interference
from the satellite and the UEs. Fortunately, the receive BF at
the gNBs mitigates those interference so that the achievable
rate region is close to the outer bound. In addition, the rate
region enlarges in both axes as P* increases because a larger
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