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Abstract—Non-orthogonal multiple access (NOMA) and mil-
limeter wave (mmWave) are two key enabling technologies for
the fifth generation (5G) wireless networks. In this paper, we
develop a general performance analysis framework for mmWave-
NOMA networks with spatially random users taking into account
link blockage and directional beamforming. To facilitate NOMA
transmission in mmWave networks, we propose an angle-based
user pairing strategy. Specifically, the base station first randomly
selects one user and then pairs it with the line-of-sight user that
has the minimum relative angle difference. NOMA is enabled
when the beamwidth of the main lobe created by directional
beamforming is not smaller than the angle difference between
the paired NOMA users. Tools from stochastic geometry are
utilized to derive the coverage probability and the sum rate of
the proposed NOMA scheme, where beam misalignment at both
the base station and the users is taken into account. Simulations
validate the performance analysis and show that the proposed
NOMA scheme achieves a larger coverage probability and a
higher sum rate than conventional NOMA with distance-based
user pairing and orthogonal multiple access.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) [1], [2] has the
potential to enhance the spectral efficiency of the fifth gener-
ation (5G) wireless networks, which is vital for meeting the
rapidly increasing traffic demand. Different from conventional
orthogonal multiple access (OMA), NOMA applies superposi-
tion coding at the transmitter side and successive interference
cancellation (SIC) at the receiver side. With NOMA, multiple
users can be simultaneously served by a base station in the
same frequency band.

NOMA has recently received considerable research interest
[2]-[6]. System-level performance evaluations in [2] show that
transmit power allocation and user pairing are two important
design aspects of NOMA. The authors in [3] propose an
optimal power allocation policy to maximize the weighted
sum rate of multicarrier NOMA systems. The impact of user
pairing on the outage probability and the sum rate of NOMA
is studied in [4]. The performance gain of NOMA over OMA
under unsaturated traffic conditions is studied in [5].

Millimeter wave (mmWave) is another key enabling tech-
nology for 5G wireless networks [7]. The signals at mmWave
frequencies (i.e., 30-300 GHz) are more sensitive to blockage
effects compared to sub-6 GHz frequencies. The 3rd Gen-
eration Partnership Project (3GPP) reported stark differences
in the propagation characteristics between line-of-sight (LOS)
and non-line-of-sight (NLOS) links [8]. Due to the short wave-
length of mmWave signals, antenna arrays can be deployed at

the base station and the devices to implement beamforming.
By using a sectored model to approximate the beamforming
pattern, the authors in [9] analyze the coverage and rate of
mmWave networks.

The coexistence of NOMA and mmWave has recently been
studied in [10]-[12]. The authors in [10] apply random beam-
forming in mmWave-NOMA networks to reduce the channel
estimation overhead. Taking into account hardware constraints,
the application of finite resolution analog beamforming in
mmWave-NOMA networks is studied in [11]. The authors
in [12] analyze the capacity of mmWave-NOMA networks
in both noise-limited and interference-limited scenarios. How-
ever, in practical implementations, beam misalignment at the
base station and the users is inevitable [13]. This can reduce
the probability that the paired NOMA users are covered by
the main lobe created by directional beamforming and in
turn degrade the network performance. This effect was not
considered in [10]-[12]. Hence, a new user pairing strategy
and the corresponding performance analysis framework taking
into account beam misalignment are needed for mmWave-
NOMA networks.

In this paper, we consider a downlink mmWave-NOMA
network with spatially random users. As the link blockage
model is distance-dependent, the spatial locations of the LOS
and NLOS users are modeled as independent inhomogeneous
Poisson point processes (PPPs). We take into account direc-
tional beamforming and beam misalignment at both the base
station and the paired NOMA users. To facilitate NOMA
transmission in mmWave networks, we propose an angle-
based user pairing strategy. The base station first randomly
selects one user and then pairs it with the LOS user that has
the minimum relative angle difference. The proposed strategy
increases the probability that the paired NOMA users are
covered by the main lobe of the base station, even in the
presence of beam misalignment. The main contributions of
this paper are summarized as follows:

e We develop a general and tractable performance analy-
sis framework for mmWave-NOMA networks with spatially
random users taking into account link blockage, directional
beamforming, beam misalignment, and user pairing.

e We derive the distributions of the involved random vari-
ables, including the distances of the LOS and NLOS users,
the angle difference between the paired NOMA users, and the
total directivity gains between the base station and both users.
Based on these results, we derive the coverage probability and
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Fig. 1: Network topology for the considered downlink mmWave network. The
absolute value of the angle difference between users Up and U; is denoted
as ¢o;. We pair the LOS user that has the minimum angle difference to the
typical user. For example, user Uy is selected as the paired NOMA user for
typical user Up, as user Us is an NLOS user and ¢p1 < ¢o2.

the sum rate of the proposed NOMA scheme.

e Simulations validate the performance analysis and show
that the proposed NOMA scheme outperforms conventional
NOMA with distance-based user pairing and OMA in terms
of the coverage probability and the sum rate.

The remainder of this paper is organized as follows. In
Section II, we describe the system model for mmWave-NOMA
networks. The coverage probability and sum rate are analyzed
in Section III. Numerical and simulation results are presented
in Section IV. Finally, Section V concludes this paper.

II. SYSTEM MODEL
A. Network Topology

Consider downlink NOMA transmission in an mmWave
cellular network, which consists of one base station and
multiple spatially random users, as shown in Fig. 1. The base
station is located at the center of a circular network coverage
area with radius R. The locations of the users are assumed
to follow a homogeneous PPP, denoted as ®, with density A,
which represents the average number of users per unit area.

As mmWave links are vulnerable to blockage effects, it is
necessary to model both LOS and NLOS path loss charac-
teristics. For outdoor transmission, a link can be either LOS
or NLOS. The blockages of different links are assumed to be
independent from each other, as in [9], [10]. The probability
that a link of length 7 is LOS is modeled as p(r) = exp (—r/n)
[9], where n denotes the average LOS range. According to
[14], the path losses of the LOS and NLOS links can be written
as fr(r) = Cpr=Pv and Ix(r) = Cxr~PN, respectively,
where C1, and Cy are the intercepts of the LOS and NLOS
path loss formulas, respectively, and 51, and Ox are the path
loss exponents of the LOS and NLOS links, respectively. The
blockage of a link is distance-dependent, and thus, both the
LOS and NLOS users are not homogeneously distributed. The
homogeneous PPP & can be divided into two independent
inhomogeneous PPPs, denoted as @, and & = O \ Py,
which comprise the locations of the LOS and NLOS users,
respectively. The densities of PPPs @1, and @y are given
by Ap(r) and A (1 — p(r)), respectively. Due to the limited
scattering at mmWave frequencies, each link is assumed to

suffer from independent quasi-static Nakagami-m fading [9],
[10]. The parameters of the Nakagami-m fading for the LOS
and NLOS links are denoted as Ny, and Ny, respectively, and
are assumed to be positive integers for simplicity. Hence, the
channel fading coefficient between the base station and user
U;, denoted as |h; 2, is a normalized Gamma random variable.

B. Directional Beamforming

Due to the short wavelength of mmWave signals, antenna ar-
rays are deployed at both the base station and users to perform
directional beamforming. For tractability of the performance
analysis, we consider a sectored-pattern antenna model, as
show in Fig. 1. Such a model is also adopted in other recent
studies [9], [15], [16]. The directional antenna gain is

GM(0.) = &2, if |¢] < 16,
_ a a a Yatl’ - 27
Ga(Gaa¢) { Gg(@a) = 271_2;“—@& ’Ya1+17 if ‘(b| > %@a, (1)

where a € {B, U} represents either the base station (B) or
a user (U), ¢ denotes the angle off the boresight direction,
©. denotes the beamwidth of the main lobe, GM(O,) and
G%(©,) denote the antenna gains of the main lobe and the side
lobe, respectively, v, = W’T_@%is the forward-to-backward
power ratio, and C is a constant. The sectored-pattern antenna
model in (1) ensures that the total transmit power is constant,
ie [T Gua(Oa,¢)dd = GM(0,)22 + G5(0,) 250 = 1.
The base station and the users can adjust their beam orientation
to cover the intended receiver/transmitter in the main lobe.

We denote the additive beamsteering errors of the base
station and user U; as Ap and Ay,, respectively. We assume
that Ag and {Ay,, 7 € ®} are independent and identically
distributed, where z; denotes the location of user U;. We
assume that the beamsteering errors follow a Gaussian dis-
tribution with zero mean and variance o2, a € {B, U}. Hence,
the cumulative distribution function (CDF) of the beamsteering
error is Fa,(z) = (1 + erf (ﬁ)) ,a € {B,U}, where
erf(-) is the error function.

C. NOMA Scheme for mmWave Networks

We consider the case where two users are paired for NOMA
transmission, which has been also included in the 3GPP
standard [17]. For fairness, the base station first selects one
user at random. This user is referred to as the typical user and
denoted as Up. To facilitate NOMA transmission in mmWave
networks, we propose an angle-based user pairing strategy.
Specifically, the user paired with the typical user Uy is denoted
as U, and is selected based on the following criterion

arg  min  {¢pg;}, if user Uy is LOS,
Zp = ZiE.@L\{ZO} ) ) (2)

arg Z{réglL {doi}, if user Uy is NLOS,
where z, is the location of the paired NOMA user U, ¢;
is the angle of user U; with respect to the base station, and
oi = |0 — ¢;| is the absolute value of the angle difference
between angles ¢y and ¢,. The proposed user pairing strategy
selects the LOS user that has the minimum angle difference
(i.e., ¢op) to the typical user. Hence, the angle information
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Fig. 2: Directional beamforming of the base station and both NOMA users
with beamsteering errors. The error-free boresight direction of the base station
has the same angle difference (i.e., 0.5¢¢gp) to typical user Up and paired
NOMA user Up. However, due to beam misalignment, there is a beamsteering
error (i.e., Ag) between the actual and the error-free boresight directions.

of each LOS user has to be known at the base station. With
this angle-based user pairing strategy, it is highly likely that
both NOMA users are covered by the main lobe of the base
station and, as a consequence, can exploit the array gain, even
in the presence of beam misalignment. On the other hand,
with the conventional distance-based user pairing strategy [18],
which was developed for omni-directional transmission, beam
misalignment may lead to large performance degradation in
mmWave networks with directional beamforming.

The base station performs NOMA and simultaneously
serves users Uy and U, if ¢op, < ONOMA where OFOMA
is the beamwidth of the main lobe of the base station when
NOMA is enabled. On the other hand, if ¢o, > ONOMA
i.e., the base station cannot cover both NOMA users in the
main lobe even without beam misalignment, the base station
serves users Uy and U, using OMA with beamwidth @gMA.
The beamwidth of the main lobe at the base station required
for NOMA transmission is not smaller than that for OMA
transmission, i.e., ONOMA > QOMA "33 NOMA needs to cover
two users in the main lobe instead of only one.

We denote the power allocation coefficients for users Uy and
Uy as ag and ay, respectively, with ag > oy, and af+a? = 1.
For NOMA transmission (i.e., ¢o, < OROMA) user Uy is
allocated a higher transmit power and decodes its own signal
with the signal-to-interference-plus-noise ratio (SINR)

ag Py |ho|* DY OMAL, (o)

a2 Py |ho|> DYOMAL, (1o) + 02

Yolp = 3)

where v € {L, N} represents either LOS (L) or NLOS (N), Py
denotes the total transmit power of the base station, DyOMA
denotes the total directivity gain between the base station and
user Uy when NOMA is enabled, ry denotes the distance
between the base station and user Uy, and o2 denotes the
power of additive white Gaussian noise (AWGN).

To reduce the adverse effect of beam misalignment on the
coverage of the paired NOMA users in the main lobe, the
base station adjusts its beam orientation so that its error-free
boresight direction has the same angle difference (i.e., %Qﬁop)
with respect to users Uy and Uy, as shown in Fig. 2. However,

due to beam misalignment, there is a beamsteering error (i.e.,
Ap) between the actual and error-free boresight directions. As
a result, the total directivity gain between the base station and
user Uy for NOMA transmission is given by

DYOMA = G (OF°MA,0.5¢0, + Ap) Gu (Ou, Au,), (4)

where Oy denotes the beamwidth of the main lobe at the user.
On the other hand, the paired NOMA user first decodes the
signal intended for user U, with SINR

O‘LQ)PB |hp|2 DpNOMAKL (rp)

a2 Py |hp|? DNOMAYy (1) + 02

Yo—p = &)
where DPNOMA denotes the total directivity gain between the
base station and the paired NOMA user U;, when NOMA is
enabled. Similar to (4), we have

DEOMA :GB (@EOMA’ 0.5¢()p - AB) GU (9U7 AUp) . (6)

If user U, can successfully decode the signal intended for
user Uy, then user U, performs SIC and decodes its own signal
with the following signal-to-noise ratio (SNR)

Yo = a2 P |y | DYOMAL (1) f0. (7)

Otherwise, user U, cannot perform SIC and decode its signal,
i.e., an outage occurs.

When a second NOMA user for pairing does not exist or
the angle difference is ¢g, > ONOMA, the base station cannot
cover two NOMA users in the main lobe, even without beam
misalignment. Thereby, the base station serves users Uy and
U, using OMA with beamwidth GSMA of the main lobe. The
received SNR observed at user Uj, j € {0, p}, is given by

AOMA = Py |hyj|? DPMAL, (r)) /0, (8)

where v € {L,N}, and DPM4 is the total directivity gain
between the base station and user U; when OMA is enabled.
For OMA, the base station adjusts its beam orientation so that
its error-free boresight direction is aligned with the vector from
the base station to user U;. The total directivity gain between
the base station and user U; for OMA is

DYMA = G (08M*, Ag) Gy (Ou, Ay,) - 9)

The SINRs and the total directivity gains given in (3) — (9)
are all random variables, due to the randomness of the small-
scale fading, the angle difference, the beamsteering errors, the
user distances, and the link blockage status.

III. COVERAGE PROBABILITY AND SUM RATE ANALYSIS
A. Some Useful Probability Density Functions

To calculate the coverage probability, we first need to
derive the probability density functions (PDFs) of the involved
random variables, including the user distance, angle difference,
and total directivity gain. The corresponding results are given
in the following lemmas.

Lemma 1. The PDF of the distance between the base station
and a randomly selected LOS user is given by

fulr)=(r/p)exp(=r/n), 0<r<R, (10)



where p = n? (1 —exp (—R/n) (1 + R/n)).
Similarly, the PDF of the distance between the base station
and a randomly selected NLOS user is given by

2r r
fN(r):R2—2p(1_eXp<_n>>’OSTSR' (11)
Proof. Please refer to Appendix A. O

As the spatial locations of the LOS and NLOS users
form inhomogeneous PPPs @1, and ®n with densities Ap(r)
and A(1 — p(r)), respectively, the probability mass functions
(PMFs) of the number of LOS and NLOS users in the network
coverage area can, respectively, be expressed as

U (k) = (A2mp)*™ exp (—A27mp) [k, (12)
Uy (kn) = (A (R2=2p)) ™ exp (=Am (R*—2p)) /kn!, (13)

where k1, and ky denote the number of the LOS and NLOS
users in the network coverage area, respectively.

Lemma 2. Based on the user pairing strategy in (2), the PDF
of the angle difference between the typical user and the paired
NOMA user, ¢op, when there are ki, LOS users, is given by

2ky,—3

ksl (2722 , if Uy is LOS,

S0, (0) = ) 2hr,—1 (14)
b (Z22) ™ Uy is NLOS.

Proof. Please refer to Appendix B. O

Lemma 3. Given the angle difference ¢op, between the typical
user and the paired NOMA user, the PMFs of the total
directivity gains DONOMA and DpN OMA ywhen NOMA is enabled
can, respectively, be expressed as

P (Dy°MA =¢;) = d; (¢op), fori={1,2,3,4}, (15)
P (DYOMA = ¢;) = v; (¢op), fori={1,2,3,4}, (16)
NOMA NOMA
where g(¢op) =% (erf On_ =00} _opf (- On_Fdop))
v N OXATE, onoXaT®,
s(¢op) = g (erf 37300 —erf ) )
_1 o o
y=s3 (erf (2\/§UUU) erf( 2ﬂfm , and
a1 = Gy (05NN G (Bv), Gy (05NN GE (Ov)
cs = GO MM)GY (Bv), c1 = GE(OFMMEY(Ov)

(¢op) = g (dop) ¥, da(dop) = g (dop) (1 — y),

d3(¢op) = (1 = g (¢op))y; da(dop) = (1 — g (dop))(1 —
v1(dop) = s (dop) ¥, v2(dop) = s (dop) (1 —y),
v3(op) = (1 — 5 (¢op))y, va(dop) = (1 — s (dop)) (1 — y).

Proof. Please refer to Appendix C. L]

Whether NOMA or OMA is enabled depends on angle
difference ¢q,. The coverage probability is defined as the
probability that a user can successfully decode the signal
transmitted by the base station with a certain target data rate.
We denote the target data rates of users Uy and U, by %y and
R,,, respectively. The coverage probabilities for both NOMA
and OMA transmission in the proposed NOMA scheme are
derived in the following two subsections.

Y),

B. Coverage Probability for NOMA Transmission

When both NOMA users are LOS and ¢, < @gOMA, the
coverage probability of user Uj, j € {0,p}, is given by

PCOVI Z ZkL+k

k=2 kn=0

where Y07, S0 B Wy (kL) Wi (ky) s the probabil-
ity that there are at least two LOS users and user Uy is LOS,
QoL =P (vo)p = T, pop < OFOMA) is the probability that
user Uy can successfully decode its own signal when NOMA
is enabled, Qp 1, =P (’yo_>p >T0,7p =Ty, Pop < @NOMA) is
the probability that user U, can successfully perform SIC and
decode its own signal when NOMA is enabled, Ty = 20 —1,
and T}, = 2R 1.

L(kL)Un(EN)Qjn,  (17)

Proposition 1. Given that there are ki, LOS users and kx
NLOS users, Qo.1, and Qy, 1, are, respectively, given by

Np—1 (N 5 eNoMA
QO,L - Z = Z/ ¢0P f¢0p(¢0p)d¢0p
n=0
AL
To_ _Muérg”
X/o <CiCL> eXp( ¢ Cr, )fL(rO)dTO’ (18)
Np—1 n @NOMA
(V;
QpL = Z L§2 Z/ 0i(op) f o, (Pop)dbop
n=0
TBL n N é— r

if of

> T()Oéf,,
_ Too? _
& = (@3=Tva2) P and &5 = max {(

otherwise Qo1 = 0 and Qp1, = 0, where
Tyo? Tpo
angoag)PB’OtgPB '

Proof. Please refer to Appendix D. O

Similarly, when the typical user is NLOS, the paired NOMA
user is LOS, and ¢q, < OROMA " the coverage probability of
users Uy and U, can be expressed as

POCOVII Z Z kL+k

k=2 kn

L(kL)Un(EN)QonN,  (20)

and PsovIl = Peovil respectively, where Qo is given by
(18) after replacing Ny, C,, fBr,, and f1,(ro) with Ny, On,
BN, and fx(ro), respectively.

C. Coverage Probability for OMA Transmission

When a second NOMA user for pairing does not exist or
bop > ONOMA OMA is enabled. The following lemma gives
the PMF of the total directivity gain DY™A, j € {0, p}.

Lemma 4. The PMF of the total directivity gain D?MA, je
{0,p}, when OMA is enabled can be expressed as

P(DOMA = 1;) =m;,  fori={1,2,3,4}, 1)
@OMA @ONIA
where w—i(erf (%fs) erf( g\f )) and

=Gy (ORMY)GY (Ov), 1 =Gy (O5M)Gy(Ov),



Is = GR(OEMMGY (Ov), I = GE(O5™)GE(Ov),

m; = wy, ma = w(l - y)7

m3 = (1 —w)y, my=(1-w)(l-y). (22
Proof. The proof is similar to that of Lemma 3, and hence, it
is omitted here. O]

Based on Lemma 4, the complementary CDF (CCDF) of
Y9MA j € {0,p},v € {L, N}, defined in (8) is given by

Fooma(y) 2P (|hj|2 PeDOMAL (1)) /02 > 7)

S
B n N,~vo?/P;
@Nil (N,yo?/ Pg) . exp (f D?J%w?))
=  — OMA .. 0
= At I A )

(f) Z Nyvyo /PB Z
m;
NlﬁaQrf"

. (;;) (

where (a) follows by substituting (8), (b) follows as |h;|? is
normalized Gamma distributed, and (c) follows from taking
the expectation over DYMA and ;.

When the typical user is LOS, its coverage probability is

Py 0= YL()UN(0)F,oma (Tp)

\IJN(kN)
+Uy,(1) kzl Tk F OMA(QTO)
kp WUy, (kL)
S e i,f Ux (k) QA (T),  (24)
k1, =2 kn=0

where QYMA(Ty) = P (’y&}iﬁA > 2To, pop > @%IOMA) @
_ on—@NOMA \ 2k, —2

F%?gm (2T0) (%2 . Note that (a) follows from
the independence of Y% and ¢yp,. On the right hand side of
(24), the first term is the coverage probability when there is one
LOS user and no NLOS user. The second term is the coverage
probability when user Uy is the only LOS user. The third term
represents the coverage probability when both users Uy and
U, are LOS but ¢o, > OFOMA When OMA is enabled, the
base station transmits the signals to users Uy and U, in the
first and second halves of a time slot, respectively.

When user Uy is NLOS, its coverage probability is

P(C)?\\/izilo = \IIL(O)\IJN(]-)F%(R%IA (To)

+0L(0) (1= ¥n(0) — Un(1)) Flyona (2T0)
S fen W, (Fr) OMA
———2UN(k 25
+ kLzz:l szz:l kL T kN N( N) 2 ) ( )

where F joua (2Tp) (27 — @NOMA)Q’“L / (2m) %
Similar to (24) and (25), when OMA is used, the coverage
probability of user U, is given by

COV \IIN(k )
POMAp_‘I/L(l)Z 1+ kn
k‘Nil

QOMA

Foun (2T3)

5 Z'?;Wi L) b ) QA (1)
k=2 kN
FUL0) (1 B (0) —

i Z Z k‘N\I/L k’L

kr—1kn=1 RN

= Eﬂm (2T,) (2

Un(1) Foyn (2T;)

U (k) QMA, (26)

where Q9MA - @EOMA)Q’“L / (2m)%Fr,

D. Coverage Probability and Sum Rate
We present the main result in the following theorem.

Theorem 1. The coverage probabilities of the typical user and
the paired NOMA user of the proposed scheme in mmWave-
NOMA networks with beam misalignment are

B = Bt B PR o PR, 2D
P;ov _ P};:ov Nt + PI()IOV,II + PCOI\\/iAp' (28)

The sum rate of the typical user and the paired NOMA user
is given by Roum = P5°" Ro + PS°V R,

Proof. By considering all cases discussed in Sections III-B
and III-C, we directly obtain the coverage probabilities of both
NOMA users and the sum rate. ]

IV. PERFORMANCE EVALUATION

In this section, we present simulation and analytical results
for the proposed NOMA scheme and compare them with
results for conventional NOMA and OMA. For conventional
NOMA, we adopt distance-based user pairing, where the base
station pairs the typical user with the user that is closest to the
base station. For a fair comparison, in OMA, the base station
transmits the signals to the typical user and the paired NOMA
user in the first and second halves of a time slot, respectively.
In the simulations, we consider a circular network coverage
area with radius R = 200 m. The noise power is —90 dBm.
Unless specified otherwise, we set 51, = 2, fx = 2.9, C, = 2,
CN:LNL:3,NN:2,n:50m,a%:0.9,a§20.1,
Co = 0.1, OFOMA = 7/3 O9MA = 7/6, Oy = 7/6, Ry = 2
bits per channel use (BPCU), and R, = 8 BPCU.

Fig. 3 shows the impact of the transmit power (i.e., Pg) and
the beam misalignment on the sum rate. The simulation (Sim)
results match well with the analytical (Ana) results, which
validates our performance analysis. When Pp increases, the
sum rates of all considered schemes increase, as the received
signal power increases. The sum rates of all considered
schemes decrease when the variance of the beamsteering errors
increases. This is because the probability that a user is covered
by the main lobe of the base station decreases when the values
of 0123 and O'% increase. Moreover, the sum rate achieved
by the proposed NOMA scheme is larger than that achieved
by conventional NOMA. This is because for the proposed
user pairing strategy the paired NOMA users are covered by
the main lobe of the base station with a higher probability
compared to conventional distance-based user pairing.

Fig. 4 investigates the impact of the user density (\) on the
coverage probabilities of both NOMA users. As A increases,
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the probability that angle difference ¢, is small increases,
which in turn increases the opportunity for enabling NOMA
and reduces the negative effect of beam misalignment. Hence,
the coverage probabilities of user Uj in the proposed NOMA
scheme and user Uj, in all considered schemes increase with
A. On the other hand, the coverage probabilities of user
Up in conventional NOMA and OMA do not depend on A,
as the probability that user Uj is served by using NOMA
is independent of A. Because of the higher probability that
NOMA is enabled, the coverage probabilities of both users
are higher for the proposed NOMA scheme with angle-based
user pairing compared to conventional NOMA with distance-
based user pairing.

Fig. 5 shows the impact of the target data rate of the paired
NOMA user on the sum rate. As IR, increases, the sum
rates of all considered schemes improve. However, because
the coverage probability of user U, decreases with R, the
rate of improvement of the sum rate decreases for large R,.
Moreover, we observe that the sum rate gap between NOMA
and OMA becomes larger when I?}, increases, which indicates
that the sum rate gain of NOMA over OMA is higher when the
paired NOMA users have more diverse target data rates. This
is because the SINR requirements for OMA to achieve the
same spectral efficiency as NOMA increase disproportionally
for large R;,. The proposed NOMA scheme achieves a higher
sum rate than conventional NOMA as both NOMA users are
more likely able to exploit the array gain. In fact, for R, = 4
BPCU, conventional NOMA performs even worse than OMA

= Proposed NOMA (Ana)

45| © Proposed NOMA (Sim)
—+ Conventional NOMA (Sim)
2|~ = OMA (Ana)

o OMA (Sim)

Sum Rate in BPCU

e
T

3 4 5 6 7 8
Target Data Rate of User U, (R,) in BPCU

Fig. 5: Sum rate versus target data rate of user Up when Pg = 0 dBm,
A = 0.0002 nodes/m?, and ¢ = o, = 0.2.

since it is more severely affected by beam misalignment.

V. CONCLUSIONS

In this paper, we developed a general performance analysis
framework for mmWave-NOMA networks with spatially ran-
dom users. The proposed framework takes into account link
blockage, directional beamforming, beam misalignment, and
user pairing. To facilitate NOMA transmission in mmWave
networks, we proposed an angle-based user pairing strategy.
Tools from stochastic geometry were utilized to derive the
coverage probability and the sum rate. Simulation results
demonstrated the performance gains of the proposed NOMA
scheme over conventional NOMA with distance-based user
pairing and OMA in mmWave networks, especially when the
difference between the target data rates of the paired NOMA
users is high.

APPENDIX
A. Proof of Lemma 1

As the spatial locations of the LOS users form an inhomo-
geneous PPP ®p, with density Ap(r), the CDF of the distance
between the base station and a randomly selected LOS user is

Fr(r) = fo )ade ¢ @ 1/0 exp (—i) xdx, (29)

f o p(r)zdx P

where (a) follows by substituting p(x) = exp(—z) and defin-

ing p = fo exp(—7)zdr = n? (1 fexp< (1 + ))
By taking the first derivative of F1,(r) in (29), we obtaln the
PDF of the distance between the base station and a randomly
selected LOS user given in (10). Following similar steps, we
obtain the PDF of the distance of a randomly selected NLOS
user given in (11).

B. Proof of Lemma 2

Although the spatial locations of the LOS users follow an
inhomogeneous PPP ®p, the spatial distribution of the LOS
users is isotropic. As angle ¢; is uniformly distributed within
[0,27] and is independent of angle gbj, j # i, the CDF of
bo0i = |0 — ¢il is Fy,, (¢) = 4ﬂfﬂz¢ ,¢ € [0,27]. By taking
the first derivative of F% (gb) the PDF of ¢q; is given by
fo0:(0) = %F%i (¢) =22 ¢ ¢ € [0,27]. When there are kr,
LOS users and user Uy is LOS, the CDF of angle difference




" 2k, —2
Gop is Fo (0) 21— (2=2)7" " where (a) follows

from the user pairing strategy in (2) and by applying order
statistics [19]. When there are k;, LOS users and user Uy is
NLOS, by following similar steps, we obtaln the CDF of angle

difference ¢o, as Fiy,,(¢) = 1 — (%) . By taking the
first derivative of Fy, (¢), we obtain the PDF of ¢, in (14).
C. Proof of Lemma 3

When the angle difference ¢q, is given, the typical user is
covered by the main lobe of the base station if |%¢op +Ag| <
LONOMA " which can equivalently be expressed as Ap €

3 (OFOMA 4+ ¢gp) , £ (OROMA — ¢, )|. As beamsteering
error Apg is assumed to follow a Gaussian distribution, the
probabilities that user Uy is covered by the main lobe and the
side lobe of the base station can be expressed as g(¢op) =

OMA NOMA
Fap (255700 ) — Fa, (— 2555590 ) and 1 — g(gop),
respectlvely. The base station is Covered by the main lobe
of user Uy if the beamsteering error Ay, € [f%@U, %@U}.
Hence, the probability that the base station is covered by the
main lobe and the side lobe of the typical user can be expressed
as y = Fa, (30u) — Fa, (—36u) and 1 — y, respectively.

As D(I;IOMA = Gp (@NOMA 1¢0p + AB) Gy (@U7 AUO)
the PMF of the total directivity gain between the base station
and the typical user when NOMA is enabled is given by

P (DyOMA=2)= Z P <GB (@EOMA, %qzaop + AB) = a:)

zeEA

B

x P (Gu (00, Au,) = =), (30)

where A = {GY (OF°MA) | G (OFOMA) }.

As a result, we obtain the PMF of the total directivity gain
DYOMA given in (15). Following similar steps, we obtain the
PMF of the total directivity gain DYM4 given in (16).

D. Proof of Proposition 1
With kr, LOS users and kx NLOS users, Qo 1, is given by

@EOMA
QoL =/, P (Yop = T0) foop (Pop)ddop.
Given the angle difference ¢q,, we have

P (vop = To) Wp <ho| DNOl\fig())

exp <_ D(I;IOJI\\?AgélL (r0) )
(DYOMAL, (r0))"

) = (V)
(1) Z Lfl LB ponia ) , 3D

where (a) follows by substituting (3) and by defining & =

%, and (b) follows from the normalized Gamma
ag— oap B

distribution of |ho|®. Note that E DNOMA .

tation over the total directivity gain DNOMA and distance 7.
By utilizing the PMF of the total directivity gain DYOMA
given in Lemma 3, we have

o} [[] is the expec-

exp (7 DONO]IXIZ.ilL (7,,0) )
(DYOMALL (ro))"

]E{rD[I)\!OMA ’,,,0}

e dildop) (Nl
~ e ; (cilr(ro))" . ( C%L(ro)>
. (b
(b) Npéyr
= ; di(d)Op)/o CL ﬁ fL(To)dTO, (32)

where (a) and (b) follow by taking the expectations over
DYOMA and 7, respectively. By substituting (32) into (31),
we obtain ()o 1, given in (18). By following similar steps and
considering the PMF of the total directivity gain DpN OMA given
in (16), we obtain Q) 1, given in (19).
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