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Abstract—In Non-Orthogonal Multiple Access (NOMA) wire-
less networks, base station broadcasts the aggregated contents to
all users, where short-distance users have stronger signals com-
pared with long-distance users. Stronger signal users can decode
and subtract other weaker users’ signals without interference
and thus they can forward packets to weaker users as relay
devices for better network utilization. In traditional NOMA, the
decoded information is simply subtracted from the superposition
coded signal and the devices do not take advantage of the cached
content. In this paper, inspired by the use it or lose it concept, we
propose an economic auction-based NOMA relay approach. The
proposed strategy utilizes Vickrey-Clarke-Groves (VCG) auction
theory to make the optimal relay-user matching decision based
on utility models for base station and relay devices. Through
VCG auction, relay devices obtain their maximum utility and
user equipment get a better service. Simulation results illustrate
the potential performance gain of NOMA relay forwarding with
VCG auction mechanism.

Index Terms—Non-Orthogonal Multiple Access, Vickrey-
Clarke-Groves Auction, Wireless Relay

I. INTRODUCTION

Wireless multimedia communications is one of the most
rapidly growing technologies of the decade. Non-Orthogonal
Multiple Access (NOMA) network has shown higher network
capacity potentials to accommodate tremendous data traffic
in future generations of wireless networks [1]. Compared to
conventional Orthogonal Multiple Access (OMA) networking
schemes, the key distinguishing feature of NOMA is its
support of multiple users rather than one single user equipment
(UF) utilizing orthogonal resource slots with the aid of non-
orthogonal resource allocation. In non-orthogonal multiple
access downlink wireless communications, the base station
(BS) broadcasts the aggregated contents to all users via
superposition coding (SC) [2] . Superposition coding technique

979-8-3503-4647-3/23/$31.00 ©2023 IEEE

is used for aggregating all users’ information for broadcasting
and successive interference cancellation (SIC) technique is
used at the receiver to detect and demodulate the signal [3] .

In the downlink of NOMA network, short-distance users
near the base station obtain stronger signals compared with
the farther users [4], [5]. While in some cases, the packets are
lost through transmission and require a second transmission
from the base station. In this scenario, it is better to use short-
distance UEs as RNs to forward the information towards
UFEs rather than the direct transmission from the BS. The
essential challenge is: can we leverage these NOMA contents
which are already decoded at these short-distance users, and
give them incentives to relay to longer distance users? And
what would be the appropriate incentive? Benefiting from the
SC and SIC technologies, the stronger U E's can decode and
subtract weaker users’ signals and thus stronger U E’s are likely
to retransmit or forward signal for weaker U Es if desirable
incentive is provided. We propose an economic auction-based
NOMA relay matching theory using “use it or lose it” concept.
In this theory, closer UEs are considered as relay nodes
(RN) to utilize their communication resource forwarding data
packets that they already decoded for farther U E's and obtain
incentive from the BS. If we do not take this advantage, these
contents targeted to longer distance users will simply be used
to subtract from the superposition coded signal in the closer
UFEs, that is a luxury waste for the network.

In order to improve the user’s perceived service quality,
plenty of research has been carried out in the wireless networks
by considering the relay scheme and NOMA technology [6],
[7]. Authors in [8] collect a few different forms of cooperative
NOMA and relay selection solutions. Additionally, [9] pro-
poses a sequential second auction-based allocation mechanism
to optimize system throughput, while [10] proposes a reverse
iterative combinational auction allocation mechanism to ad-
dress throughput maximization in NOMA networks. Relay
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TABLE I
SUMMARY OF NOTATIONS AND PARAMETERS
o? The variance of normalized AWGN.
B The frequency bandwidth of the NOMA system.
| |? Normalized channel gain of UE);.
l ki |2 Normalized channel gain of kth RN to the ith UE.
P; Allocated power from base station to U E;.
Pri The forwarding power kth RN to the ith UE.
P, Relay forwarding power for U E;.
SIN Ryi SINR of UE; to decode its own signal from BS.
SINRT(k,i) SINR of UE,, to decode UE,’Cs signal.
URN(k,i) Utility of the kth RN serving the ith UE.
UBs(k,i) Utility of BS with the kth RN serving the ith UE.
Yr The price for unit power paid to RN by BS.
Yo The transmission cost for unit power for RN and BS.

matching is also a widely studied topic in wireless networks
[11], [12], and [13] proposes a relay scheme to decrease termi-
nation and blocking probabilities in cognitive radio. Moreover,
[14] explores the use of suitable relays to maximize quality
of experience (QoF) in multimedia transmission between
vehicles in inter-vehicular communications. Vickrey-Clarke-
Groves (VCG) theory is a type of sealed-bid auction where
bidders submit bids that report their valuations for the items,
without knowing the bids of other bidders and the broker
assigns the items in a socially optimal manner [15]. Inspired
by aforementioned work and theory, a VCG based auction
relay matching method is proposed in this paper to address
the relay selection and power allocation issue in the NOMA
wireless networks.

In the new proposed matching strategy, if there are M users
to be retransmitted and N relays in the network, there will
be M x N serving combinations and we aim to select the
best matching and pricing strategy to make this deal. Based
on the signal to interference plus noise ratio (SINR) gain
and energy consumption, we build up the utility models for
BS and RN respectively. Stackelberg game is a two-player
based interaction model, where the leader knows the follower’s
strategy and makes decisions accordingly. In the first step,
we use a two-step Stackelberg game to find the optimal
power allocation and pricing solution for each combination
that RN and BS get their best response. In the second step,
VCG auction mechanism is applied for optimal matching or
combinations. More specifically, By treating the maximum
utility of RN as the valuation that bidders compete on, the
optimal winner RN of the auction and the payment can
be obtained through the VCG mechanism by ensuring the
efficiency of the auction.

The rest of the paper is organized as follows. In Section
II, we firstly state the matching problem and illustrate fun-
damentals of NOMA network. We propose a solution to this
matching problem based on “lose it or use it” theory and build
up the mathematical system model for power allocation and
pricing strategy in Section III. Furthermore, the best response
solution to BS, RN and the strategy for RN matching are
proposed in details in Section IV. The algorithm and numerical

simulations are performed in Section V. Finally, we conclude
our work in Section VI. Key notations and nomenclature of
this paper are given in Table I.

II. SYSTEM MODEL

In this section, we firstly state the matching problem and
illustrate fundamentals of NOMA wireless network in details.
For further analysing the problem, we mathematically define
the utility functions for the BS as well as RNs and then for-
mulate the utility maximization problem. Finally, we propose
the VCG auction matching model to find out optimal relay for
users based on the best response of B.S and RN’s.

A. Problem Statement

There are multiple NOMA RNs (with better channel con-
ditions and shorter distances to the base station) capable of
decoding the information of the users at longer distances. In
this situation, U E's have multiple choices among NOMA RN's
that are closer to B.S, as illustrated in Figure 1. There are some
assumptions for this RN — U E matching problem. Firstly, ac-
cording the power and cache limitation of relay devices in the
the real life, we assume each relay can support re-transmission
for one end user at most. Secondly, we assume there are less
relays than end users asking for second transmission in the
network and thus some end users have to request for the
second transmission from the BS directly.

———————» The first transmission from BS
The second transmission from BS
mmmmmms)  The second transmission from RNs

- >

Fig. 1. Downlink model with the first and second transmission

B. NOMA Relay Fundamentals

We first introduce the fundamentals for NOMA donwlink
and relay forwarding. We consider there are /N UEs (denoted
as UE; UEy) receiving from information from the base
station in the downlinnk phase as illustrated in Fig. 1. Assume
all UEs experience independent and identically distributed
block Rayleigh fading and additive white Gaussian noise and
equipped with a normalized channel gain denoted as h;. Here
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we order UE's with the increasing channel gain h; to BS as
hi < hy < ... < hy. In the NOMA downlink wireless
transmission, each UE can decode its own signal from the
received signal with signal to interference plus noise ratio
(SINR).

P; |hy|?
N 2 )
Zj:iJrl Pj|hi‘ + 02

Where the o2 denotes the normalized AW G N noise.

Each UE makes use of SIC technique to decode weaker
UFE’s’ signals and subtract them to obtain its own signal, while
weaker users treat stronger U s’ signals as noise. And thus the
SINR of UF; to decode U E}’s signal (k > i) is represented
as follows.

SIN Ry =

1<i<N ()

| 2

Pk.i |Gk, i
k
> jmii1 P lgnl” + 02
In this model, the retransmission SIN R from the kth RN
to the ith UE can be represented Equation (3).

SINRF = A1<i,k<N (2

Prkiy 9kl
k 2 J
Zj:iJrl Pr(ji) [gr,il” 402
C. Use It Or Lose It Concept For NOMA Relay

Quality of experience is a per-session measure of UFE
satisfaction. The goal of power control strategy in NOMA
network is to improve the overall QoFE performance of UFE.
In the second transmission, the model of the QoF of ith UE
supported by k" RN is given in Equation (4).

QOE, (i) = logy (1+ Blog, (1+ SINR,))) (4

Since we do not know the specific power py, ; for users we
use the allocation in the first transmission to approximate.The
range of ¢ is (0,1) in the simulation part. Therefore, the
retransmission SINR from the kth RN to the ith UE can
be simplified as Equation (5).

SINR,.(kJ) = 1<k 3

| 2

Pyilgrail®
~ ki |gk,;| (5)
p+o

Pk,i |9k,i
k 2
D i—it1 Prilgral” +0?

SINRyges) =

where ¢ is a approximation value of Zf:z 41 Pk.i |gk.i| in the
second transmission and py ; is based on the channel gain
between different UEs and RN's.

The service from RN to UFE in the second transmission
should provide the same or better QoF compared with the
signal from BS in the first time transmission.

Pyiygio®

PV‘(k‘,i) > = Prm(k‘,i) (6)

k 2
(Zizm Pr(j,i)95.6 + 02) |Gk,il

Based on Equation (5), we can get the power range for RNs
in this model as [Prm(k’i), Pmin], in which Prm(k,4) is
minimum relay power to support the relay service with better
SINR.

1) Utility function of base station: In our work, we assume
the incentive of RN directly comes from the payment of BS.
Since the information is lost in the transmission from BS to
UFEs, in the second transmission BS prefer QoE that RN's
can supply. BS will transmit signal to U E's with the same or
higher lost if do not hire RN's to forward and thus RN's save
the service and cost for BS. The saving as well as revenue
parts can be measured by QoFE of UFE's and the outcome part
is the payment to RN's. Therefore, we define the utility of BS
as the QoFE of UE's subtract the payment for RN's. Utility of
base station based on received QoE of each U E in the second
relay forwarding multimedia service is illustrated in Equation

().

Us(k,i) = @+ QoEy 1y — Yr  Pr(ii @)

where « represents the payoff parameter for QoFE,.( ;) and
P (k)

2) Utility function of relay Nodes: In our work, we assume
the incentive of RN directly comes from B.S rather that U E's.
Therefore the utility of RN is defined as the incentive obtained
from B.S minus the forwarding cost. The payment of weak
UFE is determined by its obtained utility from the relaying
service. The cost of RN is correlated with its energy con-
sumption for the data relaying, proportional to the forwarding
power Py ).

UrN(k,i) = YrPr(k,iy — Crov = (Yr — %0) Priiy  (8)

where yq is the cost for relay to forward. The auction theory
is used for choosing the optimal relay for each user in order
to achieve the maximum utility.

Generally speaking, the base station would like to purchase
the relaying service in order to improve the perceived utility.
On the other hand, RNs are willing to provide the data
relaying service as well, as long as they can obtain positive
utilities from selling the service. There are several potential
relay nodes for selection since all of them are capable to
decode end user’s signal and provide the relaying service.
Thus, our objective is to solve the relay selection problem
by jointly considering relay’s utility gain and base station’s
utility gain.

III. VCG AucTION FOR NOMA RELAY SELECTION

Based on the system model, the relay matching strategy can
be formulated into two steps: optimization of utility functions
and the optimal relay selection. To address the NOMA relay
selection issue, we develop a VCG auction solution between
multiple RN's and the long distance U E's. In this VCG NOMA
relay auction, RINs will act as the bidders with objectives to
win the RN opportunity to serve the UE’s.

The fist step is to find out the best response of BS and
RN for power and pricing strategy in each BS — RN —UFE
combination. The optimization problem can be translated into
a two-stage Stackelberg game. Both base station and relay
devices obtain their maximum utility when the game get Nash
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Equilibrium. EUs get the lost information from the second
transmission with a better QQoF.

The second step is to select the optimal relay for each
user using VCG auction. As a typical sealed-bid auction, the
NOMA relay nodes submit their bids that report their service
valuation they can reach in the relay forwarding, without
knowing the bids of others. In this step, the utility function
of relay is considered as the service valuation and thus the
maximum utility value from the first step is used for bidding
in the game. Then, the base station serving as the broker will
assign the relay service in a socially optimal manner. In this
step, the utility function of relay is considered as the valuation
and thus the maximum utility value from the first step is used
for bidding in the game. Winners of the game are the optimal
relays for U L.

A. Best Response of Base Station

As we can see from equation (9), the utility of BS in
each RN-U E matching combination, Py ;) is combination
of two-level logarithmic function minus a linear function
on power P ;), that is not a monotonic decreasing or a
increasing function. We can find out the first derivative of
Pps(r,i) respect to P, ;) is a monotonic decreasing function,
because the second derivative of Ppg(y i) respect to P ;) is
always negative, which is shown in Equation (9) and (10).

OUps(k.i)

0Py (k1) .

_ | gr,i

- i “u O

1112(2)<1+B10g2 <1+ @4;02 >>(|gk,i\2p+</’+‘72)

O*Ups(k,i
—— <0 10
02 Py 1.4 (10

The first order derivative of Upg(,;) is @ monotonically de-
creasing function and the function Upg(s,;) have a maximum
value in a fixed value range. Thus Upg(, ;) would obtain its
peak value when the first derivative Eg—’[iii o= 0. The optimal
price is denoted as Y,/ (k-

We choose the optimal power under certain system con-
straints in Equation (6).

Deriving the first derivative of Upg(x ;) respect to ¥,k i
to zero can get the relationship between the optimal power
amount (y,(x,;)) for RN and the optimal price (denoted as
Yropt) Paid by BS.

B. Best Response of Relay Device

The utility of RN is the payment from the B.S subtract the
cost of RN denoted as Crorr. Since the first order derivative
of UrN(k,i) tO ¥r(x,) is a not a monotonically decreasing
function so we use global searching method to find out he
maximum function value of Ugp(1,s) in a fixed power value
range shown in Equation (11).

(1)

The maximum value of utility Urny is the best utility that
the kth RN can obtain by serving the ith U E's.

Urn (ki) = (U (,) — ¥0) Pr(iesi)

C. VCG Auction Valuation Analysis

In the previous two steps, we get the best price and power
allocation for every RN — UE combination. From the view
of RN, the peak value of utility function can be considered
as the valuation function in VCG auction theory and used for
matching. The basic auction environment consists following
principle [16]:

e Bidders i= 1,2...,n.

 Bidder observers the objective and gives its value of the
object, denoted as U;.

* Bidder #’s information and v; are independent of bidder
i’s so bidder’s information and valuation are private in the
sense that it does not affect the bid or valuation of any other
users. valuation.

One outstanding feature of VCG auction is that the truthful
object valuation of individual bidder is ensured due to the
weakly dominant strategy property. As a typical sealed-bid
auction, the NOMA RN submit their bids that report their
service valuation they can reach in the relay forwarding,
without knowing the bids of others. In this step, the utility
function of relay is considered as the service valuation. Thus
the maximum utility value of RN is used for bidding in the
game, that is give in Equation (13).

X (U;;N) € argmaxz ﬁR\N(x) (12)

in which U/R;Z(x) is the relay valuation (utility) function set.

Pi(b) = max Y _0;(z) — > _0;(X(0))

J#i J#i

(13)

The payment P; ({)) is calculated using Equation (14). The total
social utility that the ith bidder is ignored. The strong relay
will be the bidder in the auction game and the outcome of
the VCG auction will determine which bidder wins the relay
service opportunity.

IV. SIMULATIONS AND RESULTS ANALYSIS

In this section, we carry out numerical simulation to eval-
uate the system performance in the NOMA wireless links
with the proposed VCG mechanism. As shown in Fig. 1,
we consider the BS serves three relays and four U E's at the
same time and in the same frequency block using NOMA
communication.

TABLE 11
PARAMETERS AND THEIR VALUES USED IN THE SIMULATION
Symbol | Range
|hi|? (1 ~ 40)dB
P; (0~ 1w
Py (0~ 1w
o? 0dBm
B 0.5MH =z
Yo 5
« 10
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Simulations are taken with the B.S power budget in a range
from O to 1 watt. We have power ratio Ppg(a) : Pps(p) =
PpsB) : Pps(cy = Pps(c) : Pps(p) = 0.2. The maximum
power that RN can support for ENs is the same as B.S power
budget. In the first transmission from BS to UFESs, sum of
power of U Es is the power budget. The simulation parameters
are shown in Table II.

In the second transmission, channel gain based on the
distance between different R Ns and U E's are shown in Table
III.

TABLE III
CHANNEL GAIN BETWEEN RNS AND UEs
Channel gain(dB) | User A | User B | User C | User D
Relay 1 30 20 15 10
Relay 2 10 10 20 20
Relay 3 5 15 30 40

Using VCG auction relay matching algorithm with the
power budget of 0.2/, the maximum as well as optimal utility
for three RN's and four U E's combinations are shown in Table
Iv.

TABLE IV
THE RELAY UTILITY FOR RN-UE COMBINATION AND MATCHING RESULTS
Relay utility | User A | User B | User C | User D
Relay 1 3.6718 3.5562 3.3102 3.2802
Relay 2 3.3113 3.2862 3.5709 3.5526
Relay 3 2.7913 3.4744 3.6713 3.7146

Based on Equation (14) we choose the best RN for users
using VCG auction and the results are highlighted in the Table
3. The best strategy is three combinations: Relay 1 - User A,
Relay 2 - User C, Relay 3 - User D and the last User B should
be serviced by BS directly.

warding UE 8

Uity of RN 1 for

24 S
B

o o 15 02 10

05 1 015 3
“The transmission power of RN (w)

is 2
Ghannel gain between Relay and UES (dB)

Fig. 2. (a) RN utility in different channel quality to support UserB, (b)
The maximum utility of RNs with 0.2w budget supporting UEs

In the Fig. 2(a), the utility of RN with different channel
gain to support UserB with 0.2w power budget is illustrated.
We can find out that as the channel gain increases and channel
quality gets better, the optimal power for RN decreases
because RNN's can lower power can support the same service as
BS for U Es. In the Fig. 2(b), the maximum utility of different
RNs with 0.2w budget supporting UserA, UserB, UserC
and UserD are shown. We can see as the RN channel gain
increases, the maximum of RN to support users increases.

Due to interference estimated by the initiate power allocation,
supporting UserA can gain more utility than other U E's for
RNs with the same channel gain.

X

N\
\
k"
\
\
¥

~

Utiity of BS with Relay 2

04 05 04 06 08
“The transmission power of AN (] “The transmission power of RN (W)

Fig. 3. (a) BS utility supporting users without RNs UserB, (b) BS utility
supporting users with Relay 1, (c) BS utility supporting users with Relay 2,
(d) BS utility supporting users with Relay 3.

Fig. 3 shows the benefits of relay forwarding to BS. BS
utility without RN to forward is shown in Fig. 3(a) and three
situations the help of different relays are respectively shown in
fig. 3(b), (c) and (d). We can find out When the power is very
low under 0.1, it is more efficient to transmit directly by B.S
while the BS mostly earns more utility especially when the
transmission power is high. Therefore BS saves power and
resource in the second transmission to four users with RNNV.

QoE of User A
QoE of User B

Relay 1
Relay 2
Relay 3
8S

0 0.2 0.4 0.6 08 1
The transmission power of BS and RN (w)

Relay 1
Relay 2
Relay 3
BS

02 04 06 08 1
The transmission power of BS and RN (w)

(d)

QoE of User C
QoE of User D

Relay 1

Relay 2

f Relay 3 Relay 3

BS 0 BS

0 0.2 0.4 06 08 1 0 02 04 06 08 1
The power budget of BS (w) The transmission power of BS and RN (w)

Relay 1
Relay 2

Fig. 4. (a) QoE of UserA when different RNs support it,(b) QoE of UserB
when different RNs support it,(c) QoE of UserC' when different RNs support
it,(d) QoE of UserD when different RN's support it.

In the Fig. 4, we compare QOE of the four users if they
are supported by different RNs and BS. we can find out that
users can obtain better service with relay than B.S directly. In
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the four sub-figures, QoE of U E's are respectively compared in
four situations: with the help of relay 1, 2, 3 and without relay.
Although different relays shows different performance for the
network, QoE of all users significantly with relay forwarding.
Therefore U E receive more power and resource in the second
transmission from RN rather than BS.

In the Fig. 5, we compare the utility of relay in the optimal
BS — UE combination and the utility of relay in a random
combination as Relay A - User 1, Relay B - User 2, Relay
C - User 3. The power budget is 1w and tranmission power
increases from 0.2w to 1w, we can see that VCG auction relay
trategy shows better performance than non-auction theory from
the perspective of relay and thus better allocated power and
matching.

Utility sum of Relay 1,2 and 3

02 03 04 05 06 07 08 09 1
The power budget of BS and RN (w)

Fig. 5. RN utility sum mechanism

From the results shown in the table and figures, we can
find out the relay transmission shows higher STNR than
BS service in the first and second transmission. Benefiting
from VCG auction theory, relays can obtain higher utility
than matching theory without auction process. Based on the
advantages of relay services and NOMA network, BS costs
less in the second transmission with relay involved. From the
perspective of UFEs, they get better quality of service using
the proposed matching method.

V. CONCLUSION

Inspired by use it or lose it concept, an economic VCG
auction approach is proposed for downlink NOMA relay
wireless networks in this paper. Firstly, a two-step Stackelberg
game is applied on the utility models for BS and RN to
find the maximum network utility. Then VCG auction is
adopted to let BS make the optimal RN — UFE matching
strategy. Through VCG auction, BS and RN obtain their
maximum utilities and U E's get good service directly from the
relay rather than the BS. Finally, simulation demonstrates the
potentials of utility improvement of NOMA relaying service
with VCG auction mechanism.
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