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Abstract—With the expansion of the IoT, it is important to domain, while non-orthogonal multiple access (NOMA) su-
optimize available bandwidth to reliably support edge to deice perimposes the signals of multiple users at the transnitér
communications. Thus we propose a wireless network where yistinct power allocation factors, and successive interfee

each edge server communicates with its end devices using its llati SIC) at th - In thi d all
wireless band as a primary channel, assisted by a secondary c@Nc€llation (SIC) at the receiver. In this regard, all asgm

edge server that can relay communications via its own wireles ~CO-€Xist in the same time, frequency or code domain, leading
band as a secondary channel. The network can optimize capagi to extensions of NOMA to power domain resource sharing
by balancing load between primary and secondary wireless [14]-[16].

bands, and we analyze the geometry of achievable rate regisn = | this work, we consider a 3-tier hierarchy architecture

depending on the state of bands modeled as Rayleigh fading S
channels. The allocation of a connection to the primary or that can help support IoT and other applications, composed

secondary band is formulated as an optimization problem whih ~ Of mobile edge devices or 10T edge devices, edge servers,

is then solved, and illustrated with numerical examples. and a control center. Edge devices can access the resources
Index Terms—Edge computing, cooperation, non-orthogonal of the corresponding edge server through a wireless local
multiple access, resource allocation. area network. Each edge server is typically attached to an

access point (e.g. wireless router or base station), thelegis
_ access point is close enough for wireless communicatiom wit
With the growth of the IoT for homes [1], e-Health [2]ihe edge devices or an a loT gateway. We also assume that
and other applications [3], secure, energy efficient anditjua the edge servers are interconnected through backhaul to the
of service (QoS) aware networks [4] need to be deploye@nirol center, and possibly to a remote cloud.
to support a myriad of different end devices. Real-time and\ye focus on data delivery to and from the control center to
reliable connectivity is needed in such systems, for in&anihe edge servers and edge devices, and investigate thessirel
in the medical domain [3] for the health monitoring of pat&n {ansmission efficiency between edge servers and edgessevic
both in and outside hospitals and care facilities [6]. these T, edge servers may cooperate to offer more reliablecgervi
time reliable needs can be met with the help of edge computipg the edge devices, using NOMA for data transmission
[7], [8], QoS aware edge servers [9], and fast and dependaflgyeen edge servers and edge devices. We propose the use of
wireless connectivity. _ primary and secondary channels of each connection, so as to
Existing work on edge computing for the 10T focusep oyide more flexibility, dependability and QoS as compared
on the distribution of workload at the edges, especially fgg simple intra-cell models [17], [18]. In the network thaew
content caching [9]-[11], and little attention has beerddai consider, if the network control center attempts to deliger
extensions in which wireless communications may enhan,c;faessage to an edge device through a given server and the

the system at the edge. Indeed, due to the broadcast naturgifnnel is weak, another edge server with a better channel ca
wireless communications, nodes that overhear the trateinityt 55 5 relay while also carrying out its own transmissians a

message from a source to a destination may help re-establish primary channel.

enhance the communication by acting as relays that colabor Specifically, we suggest a novel hybrid multiple access

tively forward messages [12], [13]. Orthogonal multipleess strategy combining OMA and NOMA that improves system

(OMA) allows resource sharing in the time and frequengyerformance and resource efficiency, and derive the adbiieva
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ogy, Chinese Academy of Sciences, Shenzhen, China (erfmin.i3, We solve the optimal joint resource allocation problem at
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Coding based NOMA (ANC-NOMA). In the DF-NOMA
scheme, ES2 needs to decode the signal it received before
relaying. To alleviate this problem, ANC-NOMA allows ES2

to simply forward the signal it receives without decoding
required. Aside from the power allocation at ES2 in Phase II,
jointly considering the power split at CC in Phase | introgsic

a complex resource allocation strategy.

——> Phase |
— —>» Phase ll

Control Center

922

IlIl. ACHIEVABLE RATE REGIONS

_ /, SN In this section, we denote by the factor of time sharing
- 1 R for OMA and 6, w the factor of transmit power allocation at
S o CC and ES2 for NOMA, respectively,; » 3; is the signal of
Eg T41,2,3y with zero mean and unit-powes |:CC’{(172,3}I{1,273} =

1. The CC transmits; to ES1 andz,; to ES2 in Phase |I.

. . _ With power split parametet, the signal transmitted by CC is
Fig. 1: System model of cooperative edge nodes with NORmixture ofz; andas

orthogonal multiple transmissions.
T12 = 9P6I1 =+ 4/ (1 — O)PCIQ.

delivered by the CC, denoted &5 to ES1 andZ, to ES2. Accordingly, the signals); | received at ES1 ang, at ES2
In case of the geometry location of ES1 being far away frof{€
the CC, or the weak channel condition caused by varying
network environment, ES2 takes on the role of a potential
relay for the transmission to ES1. Meanwhile, it may utilize Based on the channel quality, ES2 has two decoding strate-
the opportunity of cooperation to transmit a messdgeto  9i€S. Whenjgaz|* > [g11]%, ES2 is able to decode first, and
DE3. With NOMA signaling at the CC, transmission&f and then extract the interference out of the received signabrieef
7, are accomplished simultaneously. Similar to the relayihg §ecodingzz; while ES1 treatsr; as noise. For decoding;,
7, and the transmission &f; at ES2. The transmit power atthe SNR at the ES2 is
the CC and the ESs are limited % and P., respectively. Lo 0pelgaa|?

Denote bydii, doa, do1, and dss the distances from the L2 = (1= 0)pclgnl? +1°
CCto ES1, CCto ES2, ES2 to ES1, and ES2 to DE3, respec-

— 2 H
tively. All channels experience independent but not neardgs wherg Pe = c/o” represents the_ transmit SNR of CC.
identical (i.n.i.d) Rayleigh fading, with the correspomngli Conditioning on successfully decoding, ES2 subtracts:
channel coefficientsy;; whereij € {11,22,21,23}. The and decodes,. Then, the SNR at ES1 to deteet and at

path-loss exponentt > 0 and g;; is a complex Gaussian ES2 to detect, is given by

Y1, = guixiz + 20 and yo = gaowi2 + 20.

variable with g;; ~ CN(0,d;%). We assume that perfect Opelgii)?

. Co g . Iy = , (1)
channel information is always available at the receives skl (1= 0)pelgn|? +1
channels are quasi-static such that channel coefficientaine oo = (1 — 0)pelgaz]. @)

constant within one protocol cycle. For the ease of expwsiti

the additive white Gaussian noisg at each user is modeledOn the other hand, whefyz;|? < |g1:1]?, ES2 treatsr; as

as independent and identically (i.i.d) distribut@d/ (0, o2). noise but ES1 will decode, beforex;. In this case, the SNR
The transmission process consists of two phases wheteES1 to decode; is

a time-division multiple access scheme is exploited for the (1 — 0)pelgi1|?

CC transmitting in Phase | and ES transmitting in Phase II. Iaq = Opelgu +1

Assume that the CC transmifs intended for UE1 and, for Pelgnt

ES2 with a split of transmit poweP., in a fraction of the time Thus, the SNR at ES1 to detect and at ES2 to deteat; is

in one protocol cycle and share the remaining time to Esgiven by

ES2 needs to extract its own message before relaying to ES1. T = Opelgii |, ©)

In Phase I, ES2 broadcasts the superimposed signals with a 5

fraction of its total powet?, for relayingZ; and the remaining - M (4)

of P, for transmittingZs. For the whole transmission process, Opelgu* +1

the protocol we designed is a joint OMA and NOMA. An interesting observation here is, when the receiving ehan

In this paper, we study decode-and-forward and analogl of ES2 performs better than ES1, ES2 is able to decode
network coding-based forward applied at ES2 for the r&oth messages from the CC. As a result, ES2 can exploit the
laying scheme. Two schemes are proposed as Decode-atetode-and-forward scheme to relay the message to ES1 in the
Forward based NOMA (DF-NOMA) and Analog-Network-next phase. When the receiving channel of ES1 outperforms



ES2, although ES2 could not decodg it can extractcs out for every possible time sharing factérand power allocation

of the received signal and then relay the remaining part tb. ESactors 9 and w.

Obviously the analog network coding-based scheme can Ipr%of The transmission rate of the CC is limited by the link

exploited for relaying. Through the analysis above, we fivat t y y the iin

. b tQ, ES2 as

the transmission process can be classified as two schemes,?h

DF-NOMA scheme and the ANC-NOMA scheme. Therefore,

we re-denote the SNRs above Bg in (1), 'S, in (2), I'Y;  R? represents the maximum rate at which ES1 can reliably

in (3) andI's, in (4). decodeZ; given repeated transmissions from the CC and
In Phase Il, ES2 broadcasts the superimposed signals wi82. Requiring both the ES2 and ES1 to decode the signal

a fractionw (0 < w < 1) of its total powerP, for relaying without error in two phases results in the minimum of the

7, to ES1 andl — w of P, for transmittingZs to DE3. In two maximum rates in (9a). By exploiting maximum-ratio

DF-NOMA scheme, the decoded signal is combined with combining (MRC) at the receivers? is given by

the transmit signalrs. In ANC-NOMA scheme, the signal __ 5 5

extracted fromy, is combined withxzs. Hence, the transmit Ry =flog (1417, +T3)

signal 215 encoded byz; and x5 is different in each case, + (1 —-2p)log(1+1%,),

RIiQ = Blog (1 + 1—‘172) . (20)

B€0,0.5]; (11a)

given by R} =(1—B)log (1 +T%, +T5)
273 = VwPer1 + /(1 — w)P.xs, (5) +(28-1log(1+T7)), Be€[0.51]. (11b)
——VOPcgaaz1 + 20 Additionally, the achievable rate for ES2 reliably decadin
A _ _ 1
15 = Vel v VI -wkeas,  (6) xo is determined by the transmission in Phase | only as in

where v is the normalization factor used to ensure that tl{gb)' while for D',E3 it is determined by the transmission in
transmit power for the signal &f; always equals P.. Thus, Phase Il only as in (9c). O

we havey = /0 F|g2:|* + o*. Correspondingly, the receivedB, Analog-Network-Coding NOMA
signaly;,i at ES1 andys at DE3 can be denoted as For ANC-NOMA, ES2 only decodes, and subtracts it

from yo in Phase |. Withe3 superimposed, the received signal
y1 at ES1 in Phase Il is impacted by the propagated noise

Yy =g21213 + 20 and y3 = ga3x13 + 2.

When |ga1]? > |g23]?, ES1 can decodes first, and then strip

o . ) > from ES2 as
this interference off the received signal before decoding
while DE3 will treatz; as noise and decods directly. Vice an_ VOWP.Pegaaga .
= T

versa whergo; |2 < |gas|%.

A. Decode-and-Forward NOMA

For DF-NOMA, since ES2 has decoded in Phase I, the

transmit signal:?; is directly superimposed with; andz3

Y
VwP,
=+ 4/ (1 — w)Pegmxg —+ fegleO + 20,

and similar to the received signgd at DE3. The correspond-

in Phase |1, and the received signal at ES1 is degradeghy N9 SNR at ES1 and DE3 for each decoding strategy is

ylf,u = VwP.ga1r1 + /(1 — w)Pega1z3 + 20;

and the received signal at DE3 is the same but degradegsby

The corresponding SNR at both receivers for two decoding, _,

strategies based on the quality of channels are derived as { 21
F§3 =

T8 = wpelga1|? :
D, — (=w)pelgaa|” it Jg21]* > 923 (7)
23 7 wpelgas?+1
U= LR R <ol ®
1—w)pelga1|?+1 T jg21|” < |g23]".
I3 = (1 — w)pelgos|?

pe = P./a? represents the transmit SNR of ES2.

Proposition 1. The achievable rate$R?, R3, RS) given in
the following region:

RY = min {R'fz, R?} (9a)
RS = Blog (14T3,) (9b)
R3 = (1—p)log (1+1%;) (9¢)

Sl — 9Pc‘922|2wpe|g21\2
- 2 2
wpelg21] +9p2c|922\ +1 (12)

A _ (1-w)pelgas] ; 2 2
D53 = o gs 741 if |g21]* > [g2s]

— Opclg22|’wpelga1|®/ (9pclgaz|®+1)
(1-w)pelg21 |2+WPeL921 12/(0pclg222+1)+1 (13)

(1—w)pe|ge3| ; 2 2
= Golen P oclemP DT T 192117 <g23]

Proposition 2. The achievable rate§R?,
in the following region:

5, R%) are given

R} (see(15)) (14a)
RS = Blog (1 +T1%,) (14b)
Ry = (1-p)log (1 +1%) (14c)

for every possible time sharing fact@rand power allocation
factors 6 and w.

Proof. Different from DF-NOMA, ES2 is not able to decode
the message for ES1 for the poor channel condition here. In
this case, the transmission rate of the CC is not limited by
the link to ES2. The ES2 extracts its own signal out of

the received signal and then superimposes the remaininig par
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—-=-(0,-0.8)
— = (—04,-12)| |

Rate regions 2, 3 and 4 coincide

0 0.5 1 15 2 25 3 35
Ry R,

(a) Rate regions oR1, R3) (b) Rate regions o1iR1, R2)

Fig. 2: Rate regions on different rate pairs with varying ifjoss of ES2. For each position, the correspondihg =
{0.57,0.4,0.8,1.26} anddo; = {0.72,1.08,1.28,1.34}.

to z3 aimed for DE3. As shown in (6), the relayed signal i§ig. 2a even though different schemes are exploited. It is
normalized byy with the additive noise. The achievable ratalso the boundary of rate regions achievable with optimal
for ES1 is therefore impacted by the propagated noise as orthogonal schemes. Whety, increases, ES2 will choose
ANC-NOMA to avoid decodinge; so that it is not limited by
Ry =Blog (1+ T + 1) the quality of channel between the CC and ES2. Meanwhile,
+(1-2B)log(1+T1%), B€[0,0.5; (15a) with do; increasing, the relay channel does not sustain a
R} =(1—p)log (1 +T7 +T%) better performance than the direct transmission to ES1, the
+(28-1)log(1+T%,), Bel0.51]. (15b) performance of NOMA _schemes is bounded by the optimal
OMA schemes but not influenced by the channel with.
For RS and Rj, the derivation is similar to that of the DF-Thus in Fig. 2b, we observe thak, is simply determined by
NOMA scheme. O the quality of channel between CC and ES2. As shown in the
plot, rate regior2 performs the best oR, becausels, is the

. . ) shortest in this case.
Based on the achievable rate regions derived above, Werproygh the analysis above, we get insights into the impact

compare the performance of two NOMA schemes in & channel qualities on the achievable rate of each user.

experimental environment. We assume ES2 and DE3 as moRii§reover, considering varying channel qualities, the uese
while the CC and ES1 as stationary at coordingted) and 4jjocation strategy should be adjusted.

(1,1). All distances between users are normalized w.r.t the CC-
ES1 distance. Without loss of generality, the position oR2ES IV. OPTIMAL RESOURCEALLOCATION ON ACHIEVABLE
and DE3 is considered relatively stationary and the digtanc RATE MAXIMIZATION
between is fixed ag. Experimental assumptions are as fol- We form an optimization problem on maximizing the
lows: o = 3 as the path-loss exponemi; = p. = 10dB with  achievable rate of DE3 to find an appropriate resource alloca
power constrainf’, = P, = 10 and unit-power additive white tion strategy in certain application scenarios.
Gaussian noise]’ = 1 as normalized time period of each
(OP) : max R3(f,6,w) (16)

C. Comparison of Two NOMA Schemes

protocol cycle. Each possible set of the resource allocatio
factors(, 0, w) yields a pentagon-shaped rate region. We vary st Ry Ry, Rs > Ry 17)
the parameters over a sufficiently fine grid and take the conve e e
hull over all corresponding regions. 0<5,0,w=<l, (18)
In Fig. 2, we plot the rate regions for varying positiongvhere for a target rat®,, ES1, ES2 and DE3 can successfully
of ES2 on two rate pairs. Fig. 2a depicts the achievable rafecode the received signal respectively, as in (17).
regions on(Ry, R3) while Fig. 2b on(R;, Ry). According e notice that the objective functidR; is neither a convex
to each user position, we calculate the distance/fand nor a concave function of, # andw, and not amendable to a
compare it todq 1, since channel quality is w.r.t distance in outonvex formulation. Considering that the resource aliocat
channel model. As previously defined, whé < di1, ES2is factors are independent with each other, we decompose this
able to decode; so that DF-NOMA scheme is applied. In oufproblem into sub-optimization problems on each factor. é4or
experiment, rate regions 2 and3 represent the performancepyer, the objective function and constraint functions acsthy
when exploiting DF-NOMA as hereithz < d11; while region monotonic on each factor. All these properties enable us to
4 represents the performance when exploiting ANC-NOM#erive a tractable result through decomposition of vaesbl
with da2 > di1. There are three rate regions coincided iDne of the sub-optimization problems is to optimize time



sharing of the whole transmission process under a given poy@nt optimal (5*, 6*, w*) can be found by the two-dimensional
allocation, asOP1 on R3(3); OP2 is to optimize the power linear search algorithm.

splitting ratio at CC onR3(6) within a given time-sharing
period; andOP3 is to optimize the transmit power allocation
at ES2 onRs(w). To approach a joint optimal solution on In this section, we evaluate the performance on joint ogdtima
(B*,6*,w*), we try to find local solutions 0OP1, OP2 and resource allocation in the transmission rate maximizgiiai-
OP3 first and a mapping method can be applied. For af§gm above. In particular, we are interested in how the system
pair of two optimized factors in these three sub-optimaati behaves for varying locations of the cooperative ES2 and
problems, denote the mapping fromh to B by function depict the results on its coordinates. We discover the perfo
fasA N B, the joint optimal time-sharing and poWermance altering with the position of ES2 and the correspandin

locati N~ isfies gt +OPY, (gt receiver DE3, which determines the quality of relay-redate
allocation strategy(5", ,Eép)s)satm les/3 > (07, w), channels w.r.t the distance between corresponding users. O

g+ (2, (B*,w*) andw* —— (0%, 3*). the basis of the solution to the optimization problem detive

A two-dimensional linear search algorithm is developeghe previous sections, the numerical results are demaedtra
on the basis of solving each sub-optimization problem witlar each use case correlated with relations between user
mapping. Firstly, 3* is derived fromOP1 and the corre- positions.
sponding local optimunfz;(3*) and (6(3*),w(8*)) can be  To keep consistency of the numerical experiments, the
obtained. Secondlyg* is derived fromOP2, so asR3(6*) environmental parameters are set the same as in Secti@n IlI-
and (8(6%),w(6*)). Thirdly, w* from OP3 and R3(w*) and We build a geometrical model as a spatial area ranging from
(B(w*),0(w*)) are obtained accordingly. Finally, the max{—0.5,~1) to (2,1) in coordinate system. ES2 is assumed
imum R3 = max{R3(3*), R3(0*), R3(w*)} is determined moving within the spatial region with the distance to its
with the corresponding optimal solutiqig*, 6*,w™*). receiver DE3 set ak. The target rate for receivers successfully

Analysis on Optimization for DF-NOMA and ANC-decoding the received signal is set B = 0.5 bits/s/Hz,

NOMA Systems:Since the relay scheme is determined byyhere feasible transmission could be done at a reasonable
the channel quality corresponding to CC, the system explodensitivity. At each position of ES2, we find the optimal
DF-NOMA scheme and ANC-NOMA scheme in different useransmission efficiency, such that a contour figure will be
cases. Whenga|? > [g11]%, ES2 is able to decode; and depicted showing the variations of the achievable rate had t
forward it, which is then defined as a DF-NOMA systenyesource fractions in geometry. Fig. 3 compares the achieva
As R? = min { R} ,, R?}, constraint (17) can be rewritten agate R; and the optimal time sharing and power allocations
two inequalities withR? , and R? separately. Firstly, we solve when ES2 transmits to ES1 and DE3 simultaneously. Each
OP1 When(0,w) is fixed, we find thatR} is monotonically plot depicts the same spatial region, where the positions of
decreasing with3 while R3 increasing; for R, R7, is CC and ES1 are marked by white circles while the position
increasing with3 too, yet kY varies in different conditions. of ES2 varies. Fig. 3a shows the achievable e Fig. 3b
The feasible interval of the optimal solution is determinegorresponds to the time fractiof allocated to the CC and
by analyzing the monotonicity of the functions. Same to thgig. 3c and 3d to the power fractiomsand w allocated for
other two sub-optimization problen@P2andOP3. In ANC-  transmission to ES1 at CC and relaying to ES1 at ES2. Note
NOMA systems with|ga2|> < [g11]?, we observe that the that the relay scheme is determined naturally on the logatio
objective functionRj is w.r.t (3, 0) when|g21|> > |g2s]* but  of cooperative users. Therefore, the plots indicate th@udut
on (3,0,w) when |g21]? < |g23|?, while Rf and RS are the of an intelligent scheme selection.
same as in DF-NOMA systems. To obtain a general solver forin Fig. 3a, the transmission could obtain a higher rate
the optimization problem, we hold the scenario when|> < once ES2 locates within the area closer to the CC than ES1.
lg23/*> in ANC-NOMA systems as a paragon and provide Especially in a small area between the CC and ES1, the
brief analysis. Wherlgs: > < [g23|?, R4 is monotonically peak performance is achieved as both the receiving channel
decreasing witht. Meanwhile,?5 is monotonically increasing and the relay channel are in good conditions, w.r.t small
with 3. On the other handy} for 3 € [0,0.5] is monotonically (dy,,ds;). Moreover, when ES2 locates closer to ES1 but
increasing wher(cl) : ul — 2u2 > 0 and decreasing whenfurther from CC, since it needs to receive and decode its own
(c2) : ul —2u2 < 0 with ul = log(1+1IY; +1%,) and messagel,, such that the CC has to allocate more resource
u2 = log(1+1T%;). For 3 € [0.5,1], R} is monotonically for the transmission af, and thereby affects the transmission
increasing wher(c3) : 2u3 — ul > 0 and decreasing whenefficiency for other users. The tendency to time sharing for
(c4) : 2u3 —ul < 0 with u3 = log (1 +T';). The feasible the transmission phase of the CC is altering reversely to the
interval of 3 under each conditioficl), (c2), (¢3) and(c4) transmission rate of ES2 to DE3 in Fig. 3b. Obviously, when
can be derived respectively. Within which; locates at the the cooperative users are closer to the CC, less resource is
minimum value. Similar to the power allocation factérat required for the transmission &f; andZ,, as ES2 is able
CC andw at ES2. It is worth noting that the methodologyto decode both messages and compensate by relaying in the
to solve this problem is through analyzing the boundary fefext phase. For power allocation in Fig. 3¢, CC allocates the
each monotonic function. With all the results derived abave transmit power in accordance with the channel quality. & th

V. NUMERICAL RESULTS
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(b)

(@) R3
Fig. 3: Optimal solution of (a) transmission rate and resewgharing fractions in (b) time domain and (c),(d) power diom

ES2 has a better receiving channel, the CC will leave morg]
power for transmission to ES1. It implies a strategy that in
the cooperation phase, ES2 is able to allocate more poOWgj
for transmission to DE3 as less is demanded for relaying to
satisfy the requirement of ES1. Therefore, in general thvegpo
allocation for relaying at ES2 is small as most of the powe“
can be allocated for its own transmission, as shown in Fig. 3d
-
VI. CONCLUSIONS .
In this paper, we have investigated composite resource allo
cation through hybrid multiple access in hierarchical reetes  [8]
supporting cooperation between edge servers. To enhaace th
system performance, we proposed a joint OMA and NOMAg,
protocol in a system model where transmissions share the
resource in time domain orthogonally and in power domain
non-orthogonally. Compared to decode-and-forward based fi
laying, we exploit analog network coding to avoid decoding
the received message in accordance with varying network en-
vironment. We derived the achievable regions for both ey [11;
schemes and the results consolidate the advantage of agplyi
adaptive schemes. We then formulated an optimization pr(f 5
lem which jointly optimizes the strategy on time sharing an
transmit power allocation at the control center and the ecop
ative edge server. We thoroughly demonstrated the signdea
of applying NOMA jointly with OMA in possible application
scenarios and proposed a resource allocation strategyirgho
the efficiency and practicality of intelligent cooperatiam (14]
hierarchical networks. While the approach we propose may
result in a larger energy consumption both for processiny ans]
wireless transmission [19], the power consumption anslysi
will be carried out in future work. [16]

[13]
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