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Abstract

The paper treats a multiuser relay scenario where multipée aquipments (UEs) have a two-way
communication with a common Base Station (BS) in the preserfi@a buffer-equipped Relay Station
(RS). Each of the uplink (UL) and downlink (DL) transmissioan take place over a direct or over a
relayed path. Traditionally, the UL and the DL path of a given-way link arecoupled, that is, either
both are direct links or both are relayed links. By removihg testriction for coupling, one opens
the design space for decoupled two-way links. Following this, we devise two protocols: fwwtjonal
decoupled UL/DL buffer-aided (ODBA) relaying protocol andn-orthogonal decoupled UL/DL buffer-
aided (NODBA) relaying protocol. In NODBA, the receiver case successive interference cancellation
(SIC) to extract the desired signal from a collision betweknand DL signals. For both protocols, we
characterize the transmission decision policies in termmaximization of the average two-way sum
rate of the system. The numerical results show that deaogiissociation and non-orthogonal radio

access lead to significant throughput gains for two-wayitraf
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Fig. 1. Two-way multiuser relay network with buffer.
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. INTRODUCTION

The traffic in broadband wireless networks is essentially-tvay, featuring both uplink (UL)
and downlink (DL) transmissions. Traditionally, the UL aDd transmissions of a given two-way
link are coupled, such that they follow the same transmission path [1]. Tlis been also true
for wireless systems equipped with relays, where eachrtrssson can take either a direct or a
relayed path, see Figl 1. In fact, it is precisely the cogpbhthe relayed two-way transmission
that gave rise to new schemes, such as Physical Layer Ne@adting [2], [3].

Recently there have been multiple works that advocate icevisf the coupled transmission
dogma [1], [4], [5] in the context of heterogeneous netwo(ketNets), where the uplink
transmission can be made to a small cell Base Station (BSle e downlink transmission can
be made from a macro BS. The decoupling can be useful due tfa¢che¢hat the transmission
power of small cell BSs and macro BSs can be significantlyeckffit, but it can also be useful
in terms of load balance. In][5], the authors argue that thleceatric architecture should evolve

into a device-centric one, so that the connectivity and ngtviunction nearby should be tailored

DRAFT September 18, 2021



surrounding a specific device. The practical trial based aadone’s small cell test network [6]
shows the performance gains are enough high in a dense Heéldtyment with DL and UL
decoupling (DUDe). The paper|[7] analyzes the associatiobgbilities and average throughput
of decoupled access by using stochastic geometry frame®ar&e the cell load and backhauling
support significantly affect the association, an algoritfon cell association based on links
quality, cell load and the cell backhaul capacity is propose[8]. To address the challenges in
HetNets for mobile traffic offloading, best-fit cell attachmés proposed in [9], where DL and
UL are decoupled and attached to cells independently. Ih H@actable model is established
to characterize the comprehensive SINR and rate analysisINJDe in a multi-tier HetNets,
where it is seen that decoupled association leads to signifimprovement in joint UL-DL rate
coverage.

The objective of this work is to bring the concept of deconglto wireless systems that use
relays. Specifically, we consider the scenario on Hig. 1,re/heultiple UEs have two-way link to
the BS and the transmissions, in either UL or DL directiom lba aided by a Relay Station (RS).
In this context, decoupling should be understood in the vinay, tfor a given two-way link, the
UL transmission may use e.g. the RS, while the DL transmissionade directly to the UE (or
vice versa). Our model of relaying is based on a buffer-aiddalying [11], where the buffer at
the RS helps to take advantage of the favorable fading donditBuffer-aided relaying has been
extensively studied in one-way scenarios, such as relagtsah network[[12], multisource single
relay network [[13], multisource multirelay netwotrk [14].e@dnwhile, bi-directional buffer-aided
relaying with adaptive transmission mode selection has li@eestigated in delay-unconstrained
case [[15] and delay-constrained cdse [16] with fixed ratestrassion; however, both works do
not make use of the direct link. We are aware [of| [17] where ditdided relaying is applied
along with direct transmission and network coding in thneele network. Since no scheduling
is proposed for multiuser case, we regard [17] as the sfateeeart and, as a benchmark, derive

its variant for a multiuser case by adding round robin schegu
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In this paper, we first propose an orthogonal decoupled ULdDifer-aided (ODBA) relaying
protocol, in which the UL selection is independent from thie §election, based on their own
instantaneous channel states and transmitter power. Wextlevise non-orthogonal decoupled
UL/DL buffer-aided (NODBA) relaying protocol, where we @l opposing flows (one in UL
and one in DL) to occur simultaneously and therefore interigith each other. NODBA uses
successive interference cancellation (SIC) to deal wiihititerference. It should be understood
that ODBA and NODBA bring new building blocks that can be utedbtain complex transmis-
sion protocols. This is illustrated on Fig. 2, where the ulyileg assumption is that the channel
conditions change independently in each transmissiongdrdmthe case of ODBA protocol on
Fig.[2a a frame is divided into two identical slots for UL andl Daffic, respectively. The frame
2 on Fig[2a in which the transmissions of UL and DL for the saimée are identical is called a
coupled frame, while the other frames are called decougtathésl andi on Fig.[2a). NODBA
protocol is shown in Fig._2b, where the devised non-orthagjoadio access for opposing flows
is active in frame 1 and framé Finally, Fig.[2¢ shows a benchmark with two users, where
U, /U, is scheduled in odd/even frames and within each frame, thelédities the transmission
based on the criterion frony [17].

The remainder of the paper is organized as follows. In Sedilowe present the system
model. Sections Il and IV present the relevant optimizagooblems and introduce the optimal
criterion in order to achieve the maximum average two-way sate. Simulation results are

presented in Sectidn]V and the conclusions are drawn in &g

1. SYSTEM MODEL

The considered system consistsdf UEs U,,,m = 1,--- , M, a decode-and-forward RS as
R and a BS af3. The RS on Fig. 11 has an infinite buffer and the buffer is logyadivided into
two parts for storing UL and DL delay-tolerant data, respety. Each UE has two-way traffic

and each traffic source, i.e. the UEs and the BS, are bacldoggeé have a sufficient amount
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Fig. 2. lllustration of the different transmission modes.

of data to send. All transceivers work in a half-duplex motee communication takes place in
frames with fixed duration. The wireless channel is subjedblock fading, the channels stay

constant within a frame, but change independently from &amframe.

We introduce the following notation for communication nedend links. The set of nodes
is denoted bySy = {U,,, R, B}, Vm € {1,---,M} and the transmission power of node
is fixed to P,, v € Sy. Without loss of generality, the power level conditionsisas Pz >
Pgr > Py,. The set of UL links isSY* = {U,,R,U,,B, RB}, while the set of DL links is

={RU,,, BU,,, BR}, wherem € {1,--- , M}.

Let QV% (i) and@QPL (i) denote the amount of normalized information in bits/syndtdhe end
of the i-th frame in the UL and DL buffer, respectively. Due to chdmeeiprocity, hxy (i) =
hyx(i), XY € SPL, Y X € SUL. The average channel gain of link'Y” is given byQxny =
E{|hxy(1)|?}, whereX'Y" € SPLUSYL and E{-} denotes expectation. The instantaneous DL
signal-to-noise ratio (SNR) with additive white Gaussiaise is given byy{% (i) 2 %{:’(“'2,

XY € SP" and corresponding instantaneous UL SNR (i) = Px@ 'y y e SUL. we
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define:
A
C(z) =logy(1 4 x)

such that the maximal achievable transmission rate ir-thérame for the linkX'Y is C2L (i) =
C(vRE(7)), XY € 8PP in DL and CYL (i) = C(W¥L (7)), Y X € SYF in UL. The instantaneous
transmission rate of DIXY € SPX and ULY X € SYL are given byR2L (i) and RV% (4).

In the case of ODBA Figl 2a, a transmission frame is dividew ian UL and DL slot,
respectively. There are three possible types of transamssian UL slot, denoted by (W1-W3):
(W1) the UEU,, transmits directly to the BS; (W2) the UE,, transmits to the RS; (W3) the
RS transmits to the BS. Accordingly, there are three possiles of transmission in a DL slot,
denoted by (W4-W6): (W4) the BS transmits to the UE, directly; (W5) the RS transmits
to the UEU,,; (W6) the BS transmits to the RS. The decisions on schedalimythe type of
transmission are made centrally at the RS and distributededJEs. The CSI requirements in
the ODBA protocol are (1) the BS acquires the CSI of direct Dleach UEU,, as well as that
of DL to RS; (2) eachl,, requires the CSI of the two linkg,,, R andU,,, B; (3) the RS needs
to know the CSI of all links in order to make the decision on sleéection of the transmission
type that takes place in a given slot. We assume that eachtrdatmission frame is preceded
by a negligibly short procedure for CSI acquisition. Sinoe assume block fading, the acquired
CSl is valid throughout the data transmission frame.

In NODBA protocol on Figl Zb UL and DL transmissions can ocsimultaneously and we
define four generic transmission types that can occur in mdradenoted (T1-T4): (T1YV,,
sends to RS in the UL, while simultaneously the BS sends inDtheo anotherU;,[ # m;
(T2) U,, sends in the UL to BS directly, while simultaneously the R8&dsetoU;,l # m;
(T3) RS sends to the BS; (T4) BS sends to the RS. The types (iB) &) are related to the
transmissions of RS that help the data to reach its destimafin the other hand, (T1) and (T2)

involve non-orthogonal transmission of opposing flows amccessive interference cancellation
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(SIC) is applied to deal with the interference. For NODBAgtbthe BS and RS have to acquire
the current instantaneous CSI of all the links. Similar te tase of ODBA, we assume that RS
makes the decision on which transmission type should bdeappi a frame and orchestrates
the exchange of CSI.

The benchmark protocol on Fig.]2c is based on the transmigsithnique from[[17], sup-
plemented with round robin scheduling. In thh frame, there are four possible types of
transmission, denoted by (Z1-Z4): (Z1) the UE, transmits directly to the BS; (Z2) the BS
transmits directly to the UE/,,; (Z3) the UEU,, and BS simultaneously send over a multiple
access channel to the RS; (Z4) the RS broadcasts to the, Ugnd BS, wheren =i (mod M),
mod is modulo operation. The CSI acquisition and transmissiwateyy in each frame are

according to Proposition 3 in_[17].

Ill. ORTHOGONAL DECOUPLEDUPLINK AND DOWNLINK BUFFER-AIDED RELAYING

ProTOCOL
A. Instantaneous Transmission Schemes

We use the binary variablg/% (i) to indicate whether the link’ X € SYL is active or silent
in the UL slot of thei-th frame. Similarly, the binary indicatar?L (i) represents the selection
result for DL XY € SPL in DL slot. In each of the slots, UL or DL, only single link is tae

for transmission:

M
qu +Zq i)+ qipi) =1

ZqRUm + ZqBUm +qpr(i) =1
Depending on the selected transmission, the rates arardeést as follows:
(W1): UE U,, sends to BS directlngjB(z‘) = 1. The UL transmission rate in bits per channel

use is:
) 1 )
RgiB(z) = B) ([J],fB(@) (1)
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where% comes from the fact that the UL slot takes half of the framee @irect transmission

does not affect the RS buffer:
Qi) = Q" (i - 1) )
(W2): UE U,, sends to RSj"(i) = 1. The UL transmission rate in bits per channel use is:
REER(5) = 5CHA(0) ©)
and the change of the buffer state is:
QUH(i) = QVH(i — 1) + Ry, p(i) (4)
(W3): RS sends to Bg%5(i) = 1. The UL transmission rate in bits per channel use is:
Rk (i) = minf Q" — 1), SCHAG)) ©
where the buffer stat®VZ(i — 1) may limit the output. The UL buffer releases space:
QUH(i) = QF(i — 1) — Rip(i) (6)

(W4): BS sends to URJ,, directly ¢/ (i) = 1. The DL transmission rate in bits per channel

use is:

REE (i) = 5CRE, ) ™)
The DL buffer does not change:

QP (i) = QP (i - 1) (8)

(W5): RS sends to UR/,, g5 (i) = 1. Due to the buffer, the DL transmission rate in bits per

channel use is:
1
RRE (6) = min{QP"(i — 1), 3CR%, (1) (©)
The DL buffer releases space:

QPH(i) = QVH(i — 1) — Rypy, (3) (10)
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(W6): BS sends to RgP%(i) = 1. The DL transmission rate in bits per channel use is:
REK() = 5CREG) a1)
The BS feeds the DL buffer:
QPH(i) = QPH(i — 1) + Rpr(7) (12)

The average arrival and departure rates of the UL buffer gjngun bits per channel use are:

SUL 1 XX
RA - ]\}E;Iloo N ; 77’121 U”” » U’rn (Z> (13)
fep" = i, N Z Ui (14)

Accordingly, the average arrival and departure rates ofD@hebuffer queueing in bits per

channel use are:

DL
Ram =y Zq (15)
=DIL 1 M . .

Rp” = Jm, N : Z Z arr,, () Ry, (1) (16)

As ODBA protocol is based on maximizing the UL and DL average gate individually,
the UL buffer and DL buffer should operate at the boundary af-absorption, which can be

proved rigorously, see [11]. Thus the buffers should belstahd in equilibrium, we get:

ZE{qu ()R, m(0)} = E{qrp () R (i)}

Z_E{qRUm Ry, (1)} = E{apr(i) Rpr(i)}

The corresponding average sum-rate for UL and DL in bits pannoel use can be expressed

as.
= %i Lﬁ s ) REL () + aih () RYE )|
TDL:%i[§q3U77L()R (@) + 5r(i)RE ()]

@
Il
—
3
Il
—
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B. Decoupled UL and DL Optimal Transmission Strategy

We formulate the optimization problenf®l and P2:

Pl: max 7Y% a7)

qUL

s.t.Al: R4 = RYE
M M
A2: 3 il r(D) + Y ant (i) + qppli) = 1,Vi
m=1 m=1
A3: ¢V% (i) € {0,1}, Y X € SYE Vi

P2 max rPL (18)

q

s.t.B1: R)* = REF
M M
B2: Zq}%ﬁn (i) + qulgm(i) + qpr(i) = 1,Yi
=1 =1
B3: gy (i) € {0,1}, XY € SP" Vi

where binary indicators for UL and DL selection are collédigto the decision vectorg”’* and
qP*, respectively.

In the optimization problemd (17) anf_{18), we need to omémihe binary indicators in
each frame. Note that the constraints A1 and B1 are accodotedlong with the buffer states,
through [5) and[(9). Using the same approach asl(in/ [L1]-[&€],ignore the impact of the
buffer state, since the event that the buffer state limigstthnsmission rate is negligible over a
long time N — oo. This brings us td) — 1 integer programming problems. We relax the binary
constraints to the closed intervdl 1], thereby enlarging the feasible solution set. However, the
possible solutions of the relaxed problems lie on the boyn@ad in fact they are the solutions
of the original problems. The relaxed problems are solvetddyrange multipliers and the KKT
conditions.

Proposition 1: The optimal decision functions for maximizing the average-ivay sum rate

with ODBA relaying are:
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UL slot Case I: If—1 < A\; < 0, the criterion is

G (i) =

o (4)

dnp (1) =

L

0,

if
and

and

and

and

if

and

Rilp(i) > Rylp(i), Vi #m
RiEp(i) > =M RER(6), V)
Ry p(i) = (1+ A1) REg(i)

otherwise

Ry (i) 2 Rip(i), Vi # m
Riy (i) > =3, R fp(0), V)
R (i) 2 =55 Ry (0)

otherwise

REg(1) > 15 Rolp(i), V)

REb(i) > 2%,

otherwise

UL slot Case Il: IfA\; > 0 or \; < —1, the criterion is

U Lx

QUmB(i) =

L RyZp(i) = Ryfp(i), Vi # m

0,

otherwise

DL slot Case I: If—1 < Ay < 0, the criterion is

qpir (i) =

Rt (i) =

September 18, 2021

L,

if
and

and

and

and

RBE (i) > RBE (1),Y) # m
RBE (i) > =X RRE (i), V)
Rif,, (1) = (1 + A2) REg(i)
otherwise

Ry, (i) = Ryp (i), Y5 # m
RRp, (1) = —5; Ri, (1), V)

RRE (i) > —H22RPL(i)

otherwise
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L it RER() > o5 REG, (1), V)
qpr (1) = and RPE(i) > —2%-RRf (i), V)

0, otherwise

DL slot Case Il: If A\ > 0 or A\, < —1, the criterion is

e | L0 RBE () > RBE ()Y #m
qBUm( i) =
0, otherwise

where \; and )\, denote the Lagrange multipliers associated with the cam$tAl and Bl
respectively.
Proof: Please refer to Appendix]A. [ |
Proposition 1 specifies the optimal transmission link basedhe optimal thresholds; and
2. Moreover, A; and )\, are long-term dual variables which depend on the statistickhe
channel and the power of the transmitters.
In UL Case |-1 < A\; < 0 (or DL Case I—-1 < XAy < 0), A1 (or Xy) under fading can

be obtained numerically and iteratively with one-dimensiosearch using the following update

eqguations:

Mt + 1] = A\ [t] + 01 [t] AN [E] (19)

X[t + 1] = Ao[t] + 02[t] ANs]t] (20)
wheret is the iteration index and, [t], J;[t] are step size which need to be chosen appropriately. In

each iteration, the optimal decision vectef§“* andq”’* are obtained according to Proposition

1 and then the following expressions are updated:

M

A [t] = E{agpp" () Rep (D)} — > E{au, »(0) R, (D)}

m=1
Ay [t] Z E{qni, () Rp, ()} — E{apr () Rpr(i)}
We summarize this numerical approach in Algorithim 1.
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Algorithm 1 1D Search for\} and \; respectively
1 initialize t = 0, A\1[0] and \;[0]

2: repeat

3: ComputeqV** and q”** according to Proposition 1
4: ComputeA\ [t] and A\ [¢]

5: Update; [t + 1] and X[t + 1] based on[(19) and (R0)
6: t+t+1

7: until converge to\; and \;

In UL Case ll(or DL Case ll), there is no need to use the RS tal@dcommunication. The

optimal policy is just to select the maximal direct link teanmission.

IV. NON-ORTHOGONAL DECOUPLEDUPLINK AND DOWNLINK BUFFER-AIDED RELAYING

ProTOCOL

A. Instantaneous Transmission Schemes

In both transmission types (T1) or (T2), two links are actsimultaneously. We use the
binary variabIeSq(j;lb,l)(z’) and q%l) () to indicate whether the transmission type (T1) and (T2)
takes place, respectively, in theh frame.q%? (i) andgh}(7) are used to indicate the transmission
type (T3) and (T4). There ar&/ (M — 1) possibilities to make a transmission of type (T1) or
(T2). In each frame only one of the possible transmissioegytakes place, such that:

%: l; Qo (1) + ; l; Gomay (1) + g5 (D) + apr(i) = 1

Depending on the selected transmission types, the ratedeteemined as follows:
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(T1): UE U,, sends to RS in the UL and simultaneously BS sends to anothel,UE#~ m in
the DL q(f}%l)(i) = 1. Although the interference occurs at the RS, with the hel®idf, the UL

rate could achieve its capacity; (i) by limiting the DL rate:

. 51 ()
Ry, (i) < C(m) (21)

On the other hand, the direct DL rate is limited by:
Ry, (i) < Cpr, () (22)
Hence the instantaneous UL/DL transmission rates in bitscpannel use are determined as:

T1 (: %gfi(i)
RBU1< i) = mln{CBUl( i), C(W)} (23)
Rﬂlm(i) = Cg,fR(i) (24)
where the direct DL rate is decreased to the minor bound df éxt [22). The UL buffer
updates as:
QUH(i) = QU (i — 1) + Rfj, g (1) (25)
(T2): UE U,, sends in the UL to BS directly and simultaneously RS sends:tthar UEU;,,
[ # m in the DL q({;fvl) (1) = 1. Similarly, SIC is applied to deal with the interference la¢ BS,

the instantaneous UL/DL transmission rates in bits per iobluse are determined as:

R (i) = min{ Q8 - 1, CRE ), €0 ) (26)

Rgan(i) = CgrfB@) (27)

where the DL buffer accumulatioR”Z (i — 1) may also limit the output. The DL buffer releases

space:
QP! (i) = QPH(i —1) — Ryf, (i) (28)

(T3): RS sends to BgL3 (i) = 1 with the transmission rate:
Rpp(i) = min{Q""(i — 1), Crp(i)} (29)
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The UL buffer releases space:
QUH(i) = QVH(i — 1) = REj () (30)
(T4): BS sends to Rg%%(7) = 1 with the transmission rate:
Rpr(i) = Cp (i) (31)
The DL buffer updates as:
QPH(i) = QPH(i — 1) + Rip(i) (32)

The average arrival and departure rates of the UL buffer gjngun bits per channel use are:

R ]\}111’1 N Z Z Z Q(ml RTl r(%) (33)
oo =1 m l#m

SUL : 1 T3

Ry~ = 1\}1—{%0 N ; qRB( ) R (1) (34)

Accordingly, the average arrival and departure rates ofD@hebuffer queueing in bits per

channel use are:

DL _ 1
Rt = Jim Z Ui (35)
5 1 ¥ : :

Rp" = lim =323 0> Gy (1) B, (3) (36)

Similarly, equilibrium of the UL buffer and DL buffer shoullde maintained, which lead to
the following expressions:

> > E{Giny () Re, (1)} = E{qrp () Rrp (i)}

m l#m

> Bl () Ri, (1)} = E{qpr(i) RpR (i)}

m l#m

with the corresponding average two-way sum rate:

NZ[ZZq(ml BUl (i) + qip () +qu(ml [ B(i) + RRUl(.)H

i=1 - m [#m m l#m
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B. Decoupled UL and DL Optimal Transmission Strategy

We formulate the optimization problem &S:

P3: max
q

s.t.C1:RY*

C2 :RR*

_ pUL
= RD

_ pDL
= RD

C3 :ZZq{

m l#m

C4: Q(m 1)

(), @y

T

(1), arp (1), apr (i) € {0, 1}, Vm, Vi # m, Vi

D+ DD Ay (i

m l#m

)+ qhp (i) + qpp(i) = 1,Vi

(37)

where decision indicators are collected in the vee¢iokVe solveP3 similar to P1 and P2 and

put forward Proposition 2.

Proposition 2: The optimal decision functions for maximizing the average-tvay sum rate

with NODBA relaying protocol are:

Case I: If \3 > —1 and A\, < 0, the criterion is

Q)

T2x%
Q(m.1)

DRAFT

(i) =

L

if

and
and

and

and A
and

and

(1) = Aj

V(j, k) # (m,1)
Al (0) = A{R (), V() k)
Al (1) = AR (4)
Al (i) = AR (i)
otherwise

Al (8) = AfR (D),

v(j, k) # (m, )

(may () = AL (), V(5. k)
Al (@) = AR5 ()
Al (@) = ABR()
otherwise
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Ghy (i) =

ahn (i) =

and

and

and

and

ARB(i) = Al (0), V(4. k)
ALB(E) = AL (0),9(j, k)
AR (i) = AR (i)
otherwise

ABR(i) = Al (0), V(4. k)
ABR(i) = AlZ (0), V(4. k)
ABr(i) = ARi(i)

otherwise

Case IlI: If \3 > —1 and A\, > 0, the criterion is

Q) (0)

Ghy (i) =

Case lll: If A3 <

Gty (1)

ahn (i) =

September 18, 2021

if

Al (@) = Al (4),
V(5 k) # (m,1)

and A7, (i) > A% (i)

if

if

otherwise

otherwise

—1 and )\, < 0, the criterion is

Al (@) = A (D),

V(5 k) # (m,1)

and Af7 (1) = AGk(i)

if

otherwise

otherwise

17
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where selection matrices are denoted by
Aoy (@) = Ry, (i) = ARy, (i)
Al (1) = REZ5(0) + (1 + M) Ry, (0)
Agg (1) = (1 + X3) Ry (4)
ABr() = =MRER(1)

and \3, A\, denote the Lagrange multiplier corresponding to consti@hand C2.

Proof: Please refer to Appendix| B. [ |

Since long-term dual variables; and A\, are not independent in NODBA, we adopt two-

dimensional search to find the optimal thresholds using ellewing update equation:
Aslt + 1] = As[t] + 03[t] ANs]t] (38)
At + 1] = M[t] + 04[t] AN E] (39)
wheret is the iteration index ands[t], d,[t] are step size. Moreover, the optimal decision vector

q" is updated in each iteration according to Proposition 2@Mith the following expressions:

As[t] = E{qr¥ (i) REB (i)} — ZZE{QTWII*U VR{! (i)}
m l#m

A= E{afmn (RED, (0} — E{abH () RER(0)}
m l#m

We summarize 2D search in Algorithm 2.

Case | indicates that both non-orthogonal transmissioegyjp1) and (T2) offer benefits over
a long term. On the other hand, in Case Il and Case lll, onlyadrtee devised non-orthogonal
transmission types, either (T1) or (T2), has the potentidhtprove the average two-way sum

rate.

V. SIMULATION RESULTS

We present simulation results to compare the performantteeqiroposed ODBA and NODBA

protocols with state-of-the-art scheme from![17], whichhexe combined with a round robin
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Algorithm 2 2D search for\; and A}
1: initialize t = 0 and A3[0],\4[0]

2: repeat

3: Computeq* according to Proposition 2

4: ComputeAX;[t] and A\[t]

5: Update);[t + 1] and \4[t + 1] based on[(38) and (B9)
6: t+t+1

7: until converge to\; and \};

o
1

| —e—NODBA Qpp = —45dB
—&—NODBA Qpp = 0dB

[ —©—ODBA Qg = —45dB

L —e—ODBA Qzp = 0dB
Benchmark,Qpp = —45dB
Benchmark,Qpp = 0dB

@ o a »m ©
— T

Average two-way sum rate (bits/frame)

—- W e
— T

Fig. 3. Average two-way sum rate v§dy,p for Py, = Py, = Pr = 20dBm, Pp = 46dBm and Q =

[-13, —12,Qu, 5, —49, Qr5]dB.

scheduler. The evaluation scenario has 2 UEs. All links abgest to Rayleigh fading. We denote
the average channel gain vector of all the involved lifks= [Q, g, Qv g, Qu, B, QsB, QrB|-
The noise power is normalized fo

Fig.[3 depicts the average two-way sum rate as a functidyof. We consider two situations
with respect to the linkRB: Qzrp = —45dB and 2z = 0dB. When the RS-to-BS link is
good 2z = 0dB, both ODBA and NODBA outperform the benchmark. On the oth&nd,
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[ —&—NODBA Qpp = —45dB

5| —&—NODBA Qgp = 0dB
—6—ODBA Qpp = —45dB

b —&—ODBA Qzp = 0dB

Benchmark,Qpp = —45dB

Benchmark,Qzp = 0dB

- o w
(SR S S
T T T

Average two-way sum rate (bits/frame)

50 45 40 35 <30 25 20 -5 10 -5 0
Qu,r (dB)

Fig. 4. Average two-way sum rate v€dy,r for Py, = Py, = Pr = 20dBm, Pg = 46dBm and Q =
[QUlR, —12,—43, —49, QRB]dB.

when the RS-to-BS link is a bottleneck withzz = —45dB, ODBA exceed the benchmark
when Qy, 5 > —22dB, while NODBA is inferior to the benchmark since it relies 8IC. We
should note that ODBA takes the advantage of multiuser slitsemwhile for the benchmark, the
performance deterioration in even frames &r could not be improved by increasiny, 5.
Fig.[4 shows the average two-way sum rate as a functide of. WhenQy, x < —15dB, the
two-way sum rate grows very slowly, since in most of the afitmthe direct link is selected for
transmission, even though the direct links are statisyicaeaker than the relayed links. When
Qu,r > —15dB, ODBA and NODBA display their superiority with a strong RSBS link.
Again, the performance of the proposed protocols is seyelegraded when the RS-to-BS link

is a bottleneck.

Fig. 3 shows the percentage of frames in which the ODBA pmitselects coupled and
decoupled transmissions, respectively, when the RS-tdisi&Ss strong. This is shown for two
cases, each corresponding to a different power level useithdyRS: (1) Femtocell level and
(2) Picocell level. It is interesting to see that decoupleghsmission is selected more often,
which further justifies its introduction. Fig] 6 shows a danitype of statistics for the NODBA

protocol, depicting how often each transmission type iecget. When the RS power is at a
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Il Coupled frame
[_1Decoupled frame
0.8+

Percentage
o
[=2]

T

=]
=
T

0.2F

Femtocell Picocell

Fig. 5. Percentage of coupled frame and decoupled frame @idBA protocol for @ = [—6,—8,—40,—41,0]dB and

Py, = Py, = 20dBm, Pg = 46dBm (1) FemtocellPr = 20dBm; (2) PicocellPr = 30dBm.

I Type 1
[ Type 2
0.8 1 [Type 3
[ IType 4

Percentage
e
(=2}

T

1N
=

0.2}

o

Femtocell Picocell

Fig. 6. Percentage of different transmission types with NBBprotocol forQ = [—6, —8, —40, —41, 0]dB and Py, = Py, =
20dBm, Pg = 46dBm (1) FemtocellPr = 20dBm; (2) PicocellPr = 30dBm.

femtocell level, transmission type (T1) dominates, whileew the RS power is at a picocell
level, transmission type (T2) dominates.

In Fig. [@, we investigate the effect of the UL and DL bufferesizn practice, a buffer is
finite and it is necessary to avoid overflow. We therefore isénally modify the policy in
Proposition 1 and Proposition 2 in the following way. We putaastraint that the relay never
overflows, in both UL and DL, such that the UE (BS) feeds thddsubnly if it has sufficient

space.Additionally, the UL and DL buffer provide outputsbinly if the buffer is not empty.
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Average two-way sum rate (bits/frame)
Average two-way sum rate (bits/frame)

DL buffer (bits) oo UL buffer (bits) DL buffer (bits) 0o UL buffer (bits)
(a) ODBA (b) NODBA

Fig. 7. Average two-way sum rate vs. UL and DL buffer size fdr= [—6, —8, —40, —41,0]dB and Py, = Py, = Pr =
20dBm, Pg = 46dBm.

Clearly, the modifications worsen the performance of theeswh that is designed under the
assumption of infinite buffers, but one can find appropriateddd DL buffer size in order to

approximate the optimal performance.

VI. CONCLUSION

Decoupling the path of uplink (UL) and downlink (DL) transssion for two-way links opens
up new design possibilities in wireless networks. In thiggrave consider a scenario in which the
two-way link is between a UE (User Equipment) and a Base@tdBS). The communication in
each direction can be aided by a buffer-equipped Relaydd®t@RS). In this context, decoupling
of a two-way link means that one of the UL/DL directions useeat transmission between the
UE and the BS, while the other direction is relayed throughRl$. We propose two protocols that
make use of decoupled transmission: orthogonal decouglédiUbuffer-aided (ODBA) relaying
protocol and non-orthogonal decoupled UL/DL buffer-aid®dDDBA) relaying protocol. In
ODBA, mutual independent selections take place for UL andfahsmission, while in NODBA,
UL and DL are active simultaneously and the receiver usese&asove Interference Cancellation

(SIC). We derive the optimal criterion based on the averdgameel gain and instantaneous CSI

DRAFT September 18, 2021



23

of the involved links. The numerical results show that dedimg can bring advantages in terms

of average two-way sum rate, in particular when the RS-BF iBnstrong.

APPENDIX A

Here we briefly show how to solve the relaxed optimizationbpgm in ODBA protocol. The
Lagrangian functions of the relaxed problems with KKT caiwdis for UL and DL are given

by

£UL:—

==
-
M=

@
I
-
3
I
A

Qe (1) R0, (1) + i (1) R (7)

_|_
>
=~
-
B
)
<

0
3

+
M=
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=)

T
M= =

U r (DB, p(1) — i (1) Rigp (7)

C]ng + Z QUm ‘|’QRB( ) 1}

@
|
~
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-
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QYX } Zzg
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where\, oV (i), V% (1), ¥4 (i) are Lagrange multipliers.

£ =~ 3 [ 52 aBt ORBE ) + B R
a3 [ S0 aBl ()RBE, ) — aBHIRBEG)

7

m

le

—i—ZozDL(i){

ant,, (1) +ZqBUm ) + apr(i) — 1]
=1

l

1

&zn%(n{q%@)—l]—gzg DR

=1 XY
where )y, oPL (i), nRL (i), ¢2E (i) are Lagrange multipliers.

We take the UL optimization as an example, the KKT conditioredude the following:
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(1) Stationary condition:

8£UL 8£UL 8£UL
—=0,Vi,m; ——=0,Vi,m; ——— =0
qFE (i) Aqp - r(4) A0

(2) Primal feasibility condition: constraints A2 and A3

(3) Dual feasibility condition:
&) > 0,6053) > 0,YX € S, Vi (40)
(4) Complementary slackness:
WA k() = 1] =0.YX € 57 vi 1)
yx(@ayx (i) =0,YX € 85, vi (42)

From stationary condition, we can get

R (0) + M 6) + () — €78 (0) = 0, i, m @3)

M RUE (i) + a7 0) 1l (8) = (i) = 0, i, m (44)

(L ) REE () + () + nh(0) — €45 () = 0.vi (45)

Without loss of generality, if;;";(i) = 1, thengg/5(i) = 0,Vj # m, qp'7 (i) = 0,V; and

p%E*(i) = 0. From complementary slackness, we obtain
SUnp(i) = 0; (i) = 0,j #m
noa(i) = 0,Yjmgp(i) = 0

Thus from [438) [(44)[(45) and dual feasibility condition, wetg

Ryl p(i) — Rylp(i) > 0,¥) #m (46)
RUE (i) + MRYS (i) > 0, (47)
RYE (1) — (L4 M)RYE(D) >0 (48)
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Follow the similar process, %% (i) = 1,

~M(RpL g — Rplg) > 0,Y) #m (49)
— M RYE L — RYLL (1) > 0,V (50)
UnR U;B
—MRGE R — (14 A)RE5(i) > 0 (51)
If qUL*( ) _ 1’
(14 M)Rg5(i) — Ry'p(i) > 0,V (52)
(1 4+ M)RYE®) + Ale >0,V (53)

Thus we get the necessary condition for the optimal seledtichei-th slot, which leads to
the Proposition 1. In particular, whenl < \; < 0, the criterion is UL case |I. While iA; > 0,
it leads to contradiction witH (50), such that there will be input of the buffer in UL, while
output is not necessary. K; < —1, it will lead to contradiction with[(52), such that no output
will be selected and no input should happen, otherwise bilisb& trapped in the buffer. In

summary,\; > 0 or \; < —1 leads to UL case Il.

APPENDIX B

The proof skeleton for Proposition 2 is similar to that of pustion 1 in AppendiX_A. In
this case, we consider the Lagrangian function of the relgreblem with KKT condition for

NODBA protocaol.

- _—z XXl OREL ) + d () REL ()

=1 - m [#m

303 gl () [RE G >+RRUI<’>]]

m #m

oy z[zzq (OVRE. (1) - qu@mﬁw

zl m #m
1N

A= >

=1

qT4 Z Z q RUL(.)

m l#m

2
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+3000) | XX a0+ £ X al )+ gk () + a5hti) — 1

i=1 m l#m m iZm
LTS (il [ ) -1 - Bt}
LTS (a0 0 -1 - o0t}

ahp(i) — 1

— Erp(Darp(i }"‘Z{UBR

a5h(0) — 1] - B R |

wheres, As, (), 1,1y (1) §n.0y (1) Moy (1), § oy (), i (1), SRi (), b r(i) @nd&hy, (i) are La-

grange multipliers.
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