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Abstract—This letter analyzes the coverage probability of a users as potential relays. As an incentive, a user also gets

cooperative non-orthogonal multiple access (NOMA) millineter
wave (mmWave) network consisting of sourcef) and destination
(D) pair without a direct link. A cooperative relay ( R), which
is selected from a set of active users, help® to receive its
data. The transmission from S to R is based on NOMA, by
which R can receive its own data andD’s data simultaneously.
Two relay selection schemes are developed. For each schertine
favorable users that meet a rate threshold are selected to be the
decoding set. Then from the decoding set, a relay is selectéuat
is nearest to S (in the 1st selection scheme), or nearest t® (in
the 2nd selection scheme). For both schemes, we characterithe
spatial density (location dependent) of decoding sets andedve
the coverage probability. Both schemes outperform orthogoal
multiple access. We also derive the coverage of randomly gimg
arelay (i.e., no selection) to quantify the benefits of relagelection
in mmWave NOMA.

Index Terms—Cooperative communications, millimeter wave
(mmWave), non-orthogonal multiple access (NOMA), relay, 6.

|I. INTRODUCTION

some service rate if it provides relaying for another user
(destination). This can be achieved by using NOMA, i.e., the
source sends to the relay both the destination’s signal and
the relay’s signal by using superposition coding, and then
the relay forwards the destination’s signal to the dedtimat
This is referred to asooperative mmWave NOMA, which
enhances both spectral efficiency and coverage in mmWave
communications. Although sub-6 GHz cooperative NOMA
has been studied extensively (see [11], [12] and references
therein), the mmWave version has remained un-analyzed thus
far. This letter fills this gap.

The critical challenges of mmWave propagation include
high path losses (diffraction and penetration losses upOto 4
dB), atmospheric absorption, blockages and beam alignment
issues [4]. Thus, some users may have no signal reception
(e.g., cell-edge users). We thus consider such a isemhich
has no coverage from the sourSe In this network, relayR
is selected from a pool of active user nodes (e.g., cell users

The wireless networks will experience huge data traffitear the base station). $6D link is non-existent whileS-R
increase with a compound annual growth rate being 4688d R-D links are good. The selected user of the pool will
from 2018 to 2022. To meet this growth, fifth generation (5Gct asRk. The R-to-D channel is analogous to a direct device-
wireless may utilize non-orthogonal multiple access (NOMA0-device channel [13].

[1]. It is a paradigm shift from traditional orthogonal miple

Therefore, we consider a fading block for communications

access (OMA). NOMA permits a single resource block tfom S to D. As relaying is needed, the fading block is divided
be utilized simultaneously by two or more users. Althougimto two equal-duration time slots. In the first time slét,

this allows for inter-user interference, spectral efficieris

transmits toR only (as theS-D link does not exist). Via

enhanced. NOMA may be implemented via power domathe power principle of NOMA, the transmit signal will be a
multiplexing and successive interference cancellatiolCYS weighted signal consisting of data signals of b&tlandD. At
decoding [1], [2]. Compared to OMA, NOMA offers higherthe end of the first time sloti will apply SIC demodulation

sum rates, lower outage and improved fairness [3].

and recover both types of data. In the second time Sl

Another 5G candidate is millimeter wave (mmWave), whickransmit the decoded data fo. The rate requirement db is
is above the sub-6 GHz spectrum [4]. Since the marrying &fp. For the selected relai, a “bonus" rateRr is promised.
NOMA and mmWave facilitates higher spectral efficiency and For this simple yet prototypical network, we characterize
an abundance of spectrum, their coverage and rate perfoemate ability of destination D) to achieve a sufficient signal-to-
with beam misalignment [5] and outage performance withoise ratio (SNR) and the ability of both relai) and D to
random beamforming [6] have been analyzed. On the otheeet the rate requirements.
hand, compared to sub-6 GHz communications, mmWaveComparisons to OMA: Recall thatS has separate data
communications are more likely to experience very weadymbols to transmit to bott® and D. For this, OMA would
link or even no link due to the much higher path losse®quire a total of three time slots: one time slot to trandrst
and blockage losses in mmWave, which largely shrinks tliata, and two time slots to transniis data viaR. In contrast,
mmWave coverage area [7]. In general, the coverage oahen NOMA is used, superimposed datafdfand D can be
be improved by the use of relays [8]-[10]. Again due ttransmitted in the first time slot, anfl can transmitD’s data
the large chance for a source-destination pair to expegiero the next slot, decreasing the required number of timesslot
very weak link or no link, densely deployed relays may biom three to two, which improves spectral efficiency.
needed to guarantee coverage. Thus, it may be costly to use

dedicated relays. A feasible solution is to employ existing
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Il. SYSTEM MODEL

Consider a source (denoted 8 a destination (denoted as
D), as well as a set of users that are distributed in a circular
disc D of radiusR as a homogeneous Poisson point process
(PPP)® with a densityA. We assume no direct link from
S to D, and a relayR is selected from active users that are
receiving data fromt. Here, we only consider relays that are
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in line of sight (LOS) fromS and D because non line of from R. The channel coherence time is assumed to be at least
sight path losses exceed 20 dB or more over LOS links [7]. @ne fading block.
I|nk of Ien thd becomes LOS with probability af~#¢ where Since multiple nodes are capable of decoding and forward-
= LEW] s g blockage parameter in whigh means the ing data toD, selecting the best among them improves cov-
blockage density, anfl[WW] represents the average perimetegrage. Therefore, we analyze several relay selectioregiest
of the blockage objects [4E[] andP(-) represent expectationand compare their coverage performances.
and probability, respectively. 1) Selection Scheme 1 (S1): We consider sourcé to be
In this case,S simultaneously transmitsr and zp, in- at origin, andD is at (L,0) in polar coordinate system and
tended for R and D, respectively, using the principle ofan arbitrary relay is located dt-, 6). With this, the location
NOMA with power scaling factoraigz and ap where aR + dependent distance between an arbitrary rela tis drp =
a2, = 1. Without loss of generality, we setrp < ap, and /r2 —2rLcos(d) + L2 £ p, and we havelggy = r. This
thus, R decodesrp first! In the first time-slot,S transmits selection scheme works as follows: first, a set of nodes that
the superimposed symbols to the selected relay (relayts®iec can decodes’s message td) and successfully transmit it to
in Section Ill). The received signal & can be written as D is selected. This set is called the decoding set, which is
a/2 an inhomogeneous PPP; because it is a subset @ and
yr = hsr(arer +apzp) V PsGsGrVdgp”™ +wr (1) he selection of its members is influenced by path loss and
where hgr is small scale fading inS — R link, Ps is the blockage, i.e., selection is not random. The density fomotif

total transmit power atS, Gg and G are the directional the inhomogeneous PRP;, A;(r,0), is described in Lemma
antenna gains af and R, respectively,¥ = -< is a path 1. Second, from the decoding set, a relay is selected, which

. irf PR - :
loss at 1 meter distance andand f are the speed of light in is closest toS (recall that any node in the decoding set can
free space and the operating mmWave frequedgy, is the guarantee the rate requirement bf thus, picking a relay
distance betwees' and R, « is the path loss exponent, anoclosgst toS can maximize the chance of meeting the rate
wp, is the additive white Gaussian noise (AWGN) with powefequirement ofR).
Ny at R. Now, R first decodestp by treating thery term Lemma 1. The densty function of the de
as interference, which will result in the signal to inteefiece- coding set &, is characterized by A (r,0) _

lus-noise ratio (SINR) of —B(r —u(Epr© o) gam—1 xmm—1 " ok no ke
p ( ) o Ne—B(r+p) v (€D +<D]pV )yl gm—1 WﬁDCZJIé pna pka

- — TDINg — TDINo
Z gﬁ??ﬁ'hﬂ Gith @ O = red ) 2 0 = mies
_ sVGsGrlhsrldspah + No Proof. A relay in @ is retained in®, if it can decode the

Next, with error free decoding? removes therp term from  message fob in the first time slot and can successfully deliver
yr and decodes its own symbok,. Tr;e SNR ati to decode this message td in the second time slot. Also, since both
v i thusypr = PsWGsGrlhsr|*dgpak/No- Next, R ¢ g and R — D links need to be in LOS condition, their
forwardsxp to D in the second time sI;)Qt The received signglgg probabilities are given by—#" and e~7, respectively.
atDisyp = hrprp vPRGRGpY dgpy ~+wp, wherehrp et P, be the probability that a relay meets the above criteria,
is small scale fading iR — D link, Pg is the transmit power \yhich can be written mathematically as
of R, Gp is the directional antenna gain &, dgp is the

YR,D =

distance betweeR and D, andwp is the AWGN atD. Now, P =e PUTAP(ypp > 1p, vp > D)
the received SNR ab is given by (@) e’ﬁ(””)P(vR,D > 1p) P (yp > 7p)
PrYGRGp|hrp|?d5S, b) _
p = R R ]E\)]L RDl RD ) (3) (:) e B(r+p) P (|hSR|22 é—D,r,a) P (|hRD|22 <Dpo¢)
(C) . r —v Ta ey
Similar to [4], [5], we assume thatsz and hgp are = e Alrte) g v (Eor®Hins®)
Nakagami-m distributed for analytical tractability. Thetan- molm-l ik i i
nel power gainghsg|? and |hgp|? are independent Gamma x > R Snen T (4)
random variables (r.v.) with shape parameter> 1 and rate n=0 k=0 "
parameter > 0. where (a) is due to the independence of two events)
is obtained using (2) and (3), an@) is obtained using
I1l. COVERAGE ANALYSIS the complementary cumulative distribution function (CQDF

Coverage is the probability that both and D meet their of Gamma r.v. with an mteger -valued shape parameter
individual data rate requiremen® and Rp, respectively. We also assumej, > a%7p, as otherwise the coverage
Due to the half-duplex relaying, SINR or SNR thresholds gfrobability will be automatically zero. This assumption is
r = 22R= _1 andrp = 228> —1 must be met while decoding Widely used in the analysis of NOMA networks [11], [12].
the data of? andD, respectively. Therefore, coverage depend$ow, by thinning® with P, we obtain the density function

on two events: (1) a relay can successfully decode its o§Rown in Lemma 1. L

message and the message foiin the first time slot, and (2)  The average size of the decoding dgtis given by
in the second time slotD successfully decodes its message

2w R
10ur analysis can be straightforwardly extended to the cétbeay, > ap. Apy = /9 o o A1(r, 0)rdrdf. (5)
= r=
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To derive coverage probability, distribution of the distarof &, and is closest &, it also needs to satisfy the probabilities
the selected relay i, from S is required, which is given in given in (4) and (6). Therefore, the overall coverage can be
Lemma 2. obtained by jointly averaging (10) with these probabititie
over the area of the dis® and normalizing with the joint
probability of P, and P, ... Now using the probabilities in
(4) and (6), expression (10) can be written as follows:

Lemma 2. The probability that a relay in &, located at
distance y is closest to S is given by

Pl . =exp ( / / A (7, 6) rdrd@) (6) 1 e AD
6= =0 S
. Pcolv = / / exp Vé.RT )
Proof. Let y be the distance front to the nearest relay in A 0=0Jr=0
®;. This means no relay is located with®0,y) (C(0,y) m-1
being a circle centered at origifi and with radiusy), which x V_' (Err®) e Plrte) g=v(Epr"+Cpp")
corresponds to the void probability of the PRR. This =0 7
probability is given by m—lm=1 ik
n ~k . na ka
PI}carcst =P (T > y) % 7;) ];) n' k' §D<D " P

= P {no decoding relays i€ (0,y)} 2 pro
— exp (—ADJ([O,?J))) ) X exp (— /w_o - Al(z,w)zdzdw) ] rdrdf, (11)

whereAp 1(]0,y)) is the mean number of decoding relays iNhere the term(1—e-A2.1) in the numerator is due to
C(0,y), which is obtained from (5) by replacirg by y. Now

the coverage probability being zero if no relay is present in
?g)substltutlng the expression MD’I([O y))in (7), we Obtin the decoding set and is the normalization factor given in

(9). Now with some mathematical manipulation of (11), we
Theorem 1. The coverage probability of the selection scheme obtain (8). The two-fold integrals in (8) can be computed

S is given by in MATLAB using trapezoidal method and do not incur
i significant computation complexity. |
PSl B (1 —e D,l) m—1m—1m-—1 Vj+k+n
cov— T 4 i €DCD 2) Selection Scheme 2 (S2): To make the analysis tractable,
J=0 k=0 n=0 the origin is shifted to the location o> so that§ is
/ / o= Br+p) g (€D +ER)T +Cpp®) pa(j+n) located at(L,7) in polar coordinates. An arbitrary relay
0—0 Jr—0 is located at(l,¢) and its distance fromS is given by
m—1m—1 2m dsgr = \/12 + 2L cos(¢) + L2 = §, and we havelrp = I.
F exp < A Z Z TE §DCD/ / This displacement of origin does not affect the performance
n=0 k=0 = when radiusR of user discD is much larger thanl, and

am ok Bt ps) e (ED 4D p%) is used just to aid the tractability of the analysis. Here, a
Xz p, e PelemVisp PP zdzdw | rdrde, decoding set is formed again. In this case, the decoding set
) includes the nodes that can meet the SINR requirements of
and D in the first hop. This means, the conditiong p > mp
where p, = /2% — 2z COS( )+ L? and A is given by andvg,r > Tr are met by the decoding set of relays which
forms an inhomogeneous PPP, denotedbaywith a density

5 ck B(r+p) g (€)1 +Cpp™) function 5\2(1,(]?) given in Lemma 3. Next, an LOS relay is
oep ] _© selected from®, that is closest taD. This is equivalent to

m—1m—
A= Z

k=0 n

+n

o selecting a relay that provides the maximum chance to meet
< rom ok o ( _/ / e w)zdzdw) drdo.  the rate requirement ab in the second hop.
= z=0

) Lemma 3. The density function of the decoding set &, isgiven
by da(l,9) = Ae=Pe " zﬁ L 8", where n = &p

Proof. Here, coverage is the probability that the selected relafy D 02 < (1 +TR) —nif (14 7R) <
from &; meets the SNR threshotd;. Mathematically, 1+ P~ mO+ TD) T R+ ) T
a%, < 1.
P8, =Pvrn 2 o) = P ([hsa?> ool
cov R =R SEL = PoUGsGR Proof. Let P, be the probability that a relay i® is in LOS

1 from S with corresponding LOS probability of~?° and is
7 (Err™) ]

- E [exp —vERT™) Z v (10) retained in®,, which can be written mathematically as

Jj=0 _
Py=e¢"P(ygp >, YRR > TR)
TrNo

— 2 In (10), the expectation needs to be =e PP (|hsr*> €p6®, |hsr|*> Erd®)
PsUGsCn

—pBs a
taken over the PPB;. Since the selected relay must be from =e P (|hSR|22 5 maX{vafR}) : (12)

whereér =
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Here, closed form expression d® can be derived. Since
2 2 ; 2 ™D ) .
we haveap > akTp, ap must satisfya > 1+, WhereB, isdue to the fact that coverage becomes zero if there

2 ™D is no LOS relay in the decoding set aBd is the normalization

and the coverage is zero far < ap, < —. It
be sh b | th tical I R tfactor Here, we follow the similar technique as in (11),,itsy

can be shown by simple ma ematica ma;—r;?ijize;s i}%ﬁ(mg the average over the digt of product of probabilities

&p > &g if ap satisfies m < a3 < i +m) of a relay being in the decoding set and also being closest to
D To(1 + 1) ™) and LOS toD. Now with some mathematical manipulations

and ép < &g if ap sat|sf|esm < a}, < 1. of (15), we obtain (14). u

Then, us:;ng the CCDF of Gamma r.v2, can be written as 3 selection Scheme 3 (S3): Since the selection schemss

Py = e " exp (—vné®) Dn—o Hrn"ome. B ands, require knowledge of distance or location information,

the immediate question is what the performance loss is i suc
information is not available. To answer it, we consider @and

1/77 —B5—ms™ sna relay selection from the decoding set. Coverage probwluifit
Aps =\ Z / /z 0 0"Cldldg. (13) it is given in Theorem 3.

Then, the average number of relaysdn is given by

In Theorem 2, we provide the coverage probability of thiFheorem 3. When a relay is selected at random from &, the
selection scheme. coverage probability is given by

Theorem 2. The coverage probability of the selection scheme A (1 —e~ Am) m—1m—1
P

S is given by cov = o Zzn, ,77 CD/ /zo

7=0 n=0

m—1m—1 j+n 27 .
P(ffv . Z Z V' — CD / /l i lag5an % lot_]+l5ane— (l+5)e—u(775 +(pl® )dldgf) (16)
7=0 =0 1 Proof. The proof follows from the proof of Theorem 2 where
x V(DI +n87) g =BU+8) gy [ ) Z (vn)" the coverage is the probability that a relay meets the SNR
o n! threshold atD and comes from the decoding s&f. Therefore
or the averaging is done only over the probability, that is
—B(z+92) ,—vnd san i
X /w:O /Z:Oe e 07 zdzdw) ldlde, (14) \ 1 R PO 1
P, = / / “lexp (—v¢pl®) Z
where §, = /22 +2zLcos(w) + L? and B, and B, are ¢=0J1=0 =
given by m—1

”—,(< 19)7 69 exp (—umo®) 3 %né] ldido,

Bl—l—exp< /4) /l ) e PIy(1 ¢)ldld¢> A n=0

where the tern(l — e‘AW) is due to the coverage being zero

By = —v(n8%) o= B+8) jaj gom if no relay is present inb,. Then, with some mathematical
$=0J1= 0 manipulations, we obtain (16). |
27 . . X .
X exp (_/ / eﬁZS\Q(z,w)zdzdw>ldld¢. Optimal power allocation: For _each _of the relay selec_t|on
=0 schemes, we can use a one-dimensional search to find the

rﬁt'mal power allocation (i.e., optimalp and ag), which
maximizes the coverage probability.

Implementation: Recall that the potential relays are other
active users. When serving those potential relays in their o

Proof. Here, to achieve the coverage, the selected relay frg
®, must be in LOS fromD and needs to meetp > 7p.
Therefore, we have

P52 = BlP(yp>1p)=e" (|hR 2> PTEIZOZG ) _assigneql resource blocks, the channel gain (main lobe _gain)
sGRr information from the source to those relays can be obtained.
m-1 Based on the information, the decoding set can be determined
=E [e Plexp (—(pl®) Z V—' ng“ and a relay can be selected from it. Then the source aligns its
=0 I beam to the selected relay, and the relay aligns its beaneto th
= destination.
- / / l Bexp (vepl®) 3 L (¢pl°Y
2 J¢=0J1=0 =0 I IV. NUMERICAL RESULTS
_ps o ml o n I Here we verify the derived analytical results i@ Monte-
x e 7% exp (—vnd )Z P y Carlo simulations per run. We set the parameters: =
n=0 Gr=Gp =18 dBi,a = 2,R = 1000 m, L = 200 m, A =

2m l ) _4 .
_ —B23 5x107°/m*, = 2 x 107*, E[W] = 60 m, unless otherwise
*exXp ( / /z Oe Aa(z,w)zdzde | | ldidg specified. The optimal values of the power allocation fector

(15) obtained by one-dimensional search are used in each relay
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Fig. 1: Coverage probability vs transmit power for NOMA wgin
81,82 andSs and OMA, where the curves (a) are foRp, Rr} =

= D
= DI *--‘;Q' CIEE JEE T EEIh
0.8 . ’ e
Ne ’,
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(a) ‘_‘_*"’A \(b)
L
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Transmit Power (dB)

{1, 3} bps/Hz, and (b) fok Rp, Rr} = {1.9, 6} bps/Hz.

To study the effect of relay density on the coverage,
Fig. 2 plots the coverage probabilities (8), (14) and (16)
versus the relay density for two values of blockage density
p = {2 x 1074m* 5 x 10-%/m?}. Here, the coverage for
S1, S; and OMA improve with increasing relay densify
Note also that, these coverage curves shift to lower values
when the blockage density is increased. This suggests that
if u increases\ should be increased to maintain the same
coverage. For a random relay, coverage flattens for higher
because its selection is independent of density as long as at
least one relay exists in the decoding set.

V. CONCLUSION

This letter derives coverage probability of three
mmWave cooperative NOMA relay selection schemes. Both
closest-to-source and closest-to-destination relay ctete
perform closely and both outperform OMA. However,
coverage due to a random relay may be worse than that of
OMA depending on transmit power level and relay density.

This work considers a destination with no direct link from
the source. If a direct link exists, the system may select to
perform direct transmission or cooperative transmissign b

1 -0 e o
x
0.8
2
E
£ 06
o
-
& (G=m 0= m g Q==
%ﬁ 0.4 4 [1]
z —— NOMA (1)
© - - - NOMA (S2)
0.2 _ -----NOMA (S3) | ]
o T o Simulations
Gzt T V= (b) -4~ OMA (sim) -
0
10° 10-* 10-3

Relay Density (m~?2) 4]
Fig. 2: Coverage probability vs relay density for rate thodds
{Rp,Rr} = {1,3} bps/Hz withPs = Pr = 0 dB. The curves [5]
(@) are fory = 2 x 10~*/m?, and (b) are fo = 5 x 10~*/m?.

(6]

selection scheme. For comparison, we also simulate OMK]
transmission with same rate requirementsiaand D that
uses best-worst relay selection criteria [14]. 8]
The two-fold integrals in the analytical results can be
computed using the trapezoidal method and do not inc%]
significant computational complexity. For instance, to poite
the integral in (8), we use an angular resolution of one degre
and radial resolution of 10 meters resulting the total numbg®!
of intervals to be 362100 = 36,000 and the inner integrals
are computed using integral2 MATLAB function. (11]
In Fig. 1, we plot coverage expressions (8), (14) and (16)
for NOMA and OMA. This figure shows thab, scheme [12]
(i.e., closest-to-destination relay selection) provitles best
coverage followed closely by; scheme (i.e., closest-to-source
relay selection). However, with random relay selectiorge th13]
coverage probability decreases after an initial increakenw
transmit power increases. The reason is that for largertians 4
powers, the decoding set has relay nodes farther away flfom
If such a node is picked randomly, then the resultidg- D
link is less likely to be LOS, reducing coverageliat

using a relay, which can be investigated in future works.
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