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Abstract—The spectrum-efficient millimeter-wave (mmWave)
communications has recently attracted much attention as a viable
solution to spectrum crunch problem. In this work, we propose
a novel non-orthogonal multiple access (NOMA) framework,
which makes use of the directional propagation characteristics of
mmWave communications so as to improve the spectral efficiency
through non-orthogonal signaling. In particular, we consider one-
bit quantized angle information as a limited yet effective feedback
scheme describing the channel quality of user equipment (UE)
in mmWave bands. The UE pairs for NOMA transmission are
then established using not only the one-bit distance feedback as
a classical approach, but also the one-bit angle feedback. The
numerical results verify that the respective transmission scheme,
which is referred to as two-bit NOMA, outperforms the sum-rate
performance of angle- or distance-only one-bit NOMA schemes.
We also investigate impact of the quantization threshold and size
of the user region on the overall sum rate performance, which
reveal the practical circumstances making the proposed two-bit
NOMA a promising strategy.

Index Terms—Limited feedback, low-resolution, mmWave,
multiuser communications, NOMA.

I. INTRODUCTION

The number mobile devices around the world has increased
unprecedentedly over the last decade, which is reported to
reach some 7.9 billion subscriptions in the first quarter of
2019 corresponding to an annual growth rate of 2% [1]. To
accommodate the wireless data demanded by this huge amount
of mobile user equipment (UE), new communications bands
and multiple access schemes have been considered for next-
generation cellular networks in the scope of 5G and beyond.
The use of millimeter-wave (mmWave) frequency bands has
therefore become a promising solution to the spectrum crunch
at the communications spectrum below 6 GHz, which occurs
especially when the new communications signals of much
wider bandwidth are demanded [2]. In an effort to use the
spectrum even more efficiently, non-orthogonal multiple ac-
cess (NOMA) schemes are envisioned as the key technology
for densely packed multiuser environments [3]-[5].

The NOMA strategy has attracted much attention recently
both for sub-6 GHz and mmWave frequency bands. As a
practical situation, the impact of imperfect successive inter-
ference cancellation (SIC) is considered for a cooperative
cognitive-radio setting in [6], and for a multiple-antenna
setting in [7]. The user-pairing problem is considered in [8] for
cooperative NOMA transmission. A hybrid NOMA scheme
with simultaneous wireless information and power transfer
(SWIPT) is proposed in [9], where the harvested energy using

the downlink signal is intended to power the system during
the uplink phase. NOMA is also considered in unmanned
aerial vehicle (UAV) communications under various scenarios
including cellular-connected networks and broadband coverage
for temporary events [10]-[16], to name a few.

In this study, we propose a novel transmission mechanism
for NOMA as a complete framework in mmWave communi-
cations. In particular, we exploit the angular sparsity of the
mmWave channels, where many of the multipaths show up
in a narrow angular window, referred to as angular spread,
around the beamforming direction. The angular position of
any UE, hence, provides some degree of information on the
associated channel quality. Along with the distance between
two ends of the transceiver, which describes the channel in
a classical way through path loss [11], angle is yet another
limited information for mmWave propagation representing the
channel quality [12]. The contribution of this work can be
summarized as follows:

— We consider both the distance and angle information
while forming limited feedback on the UE channel quality
required for NOMA transmission. This approach is there-
fore different from [12] which uses angle information
only to construct UE feedback.

— Furthermore, we consider the quantized versions of dis-
tance and angle information to cut down the feedback
overhead. In particular, we introduce one-bit NOMA,
where the single feedback bit represents either the dis-
tance or angle, and propose novel two-bit NOMA making
use of two feedback bits, where one bit is for the distance,
and the other is for angle.

— We also consider particular deployments where the
NOMA transmission is not possible (i.e., no UE pair
at all), and show how to choose the optimal user to
allocate all the spectral resources, referred to as single
user transmission (SUT), under such circumstances. The
overall sum-rates involving both NOMA and SUT cases
are also analytically derived in a rigorous fashion.

To the best of our knowledge, this is the first time in
the literature to consider both the one-bit distance and angle
information to form feedback on channel quality for NOMA
in mmWave frequency bands. The numerical results verify
the superiority of the proposed NOMA strategy over not only
orthogonal multiple access (OMA) but also the classical one-
bit NOMA with the distance-based feedback only.

The rest of the paper is organized as follows. Section II



introduces the system model under consideration. The two-
bit NOMA is presented in Section III along with angle- and
distance-based one-bit NOMA schemes. The rate derivation is
presented in Section IV, and the numerical results verifying
the performance superiority of the proposed two-bit NOMA
over the one-bit NOMA schemes are provided in Section V.
The paper concludes with some final remarks in Section VI.

II. SYSTEM MODEL

We consider a multiuser communications scenario in
mmWave frequency spectrum, where K UEs with single
antenna each served simultaneously by a BS equipped with
an M-element uniform linear array (ULA) antenna. The BS
employs a stationary precoder w to transmit UE messages
after superposition coding (SC), and the UEs decode their
messages following the SIC strategy. The overall transmission
mechanism is therefore a type of NOMA for which the UEs
are distinguished in the power domain. We assume that all
the UEs lie inside a user region which is represented in
polar coordinates by the inner-radius d,, the outer-radius
dmax, and the center angle A, as shown in Fig. 1. Note
that the user region can be adjusted through the parameters
{dmin, dmax, A} to describe any communications environment
of interest, which is exemplified in [11], [12] considering a
UAV-assisted wireless communications scenario intended for
temporary events (e.g., stadium events).

We assume that the UEs are represented by the index set
My={1,2,...,K}, and are deployed randomly following
a homogeneous Poisson point process (HPPP) with density
A. The number of UEs is therefore Poisson diSt}'{ibl_lEed with
the probability mass function (PMF) px (k) = 55— where

= (d2,,— d%.,) 5 \. The channel hy, for the k-th UE is
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where N is the number of multipath components, PL(dy)
is the path loss associated with the horizontal distance dj
between the k-th UE and the BS, oy, is the complex gain of
the p-th multipath which follows standard complex Gaussian
distribution with CN(0, 1), and 0y, ;, is the angle-of-departure
(AoD) of the p-th multipath. Furthermore, the m-th element
of the steering vector a(6y ;) is given as

[a(&k,p)]m = \/iMexp {—j?wf\l (m—1) cos (é)kyp)} , )

for m=1,..., M, where d is the antenna element spacing of
ULA, and X is the wavelength of the carrier frequency.

III. Two-BIT NOMA

In this section, we first described the NOMA strategy with
coding and decoding schemes under consideration, and then
present the low-resolution limited feedback schemes based on
distance and angle information considering mmWave channels.
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Fig. 1. Polar representation of user region partition for two-bit NOMA in a
multiuser mmWave communications scenario.

A. NOMA Transmission and Message Decoding

We assume that the UEs in Ay are indexed from the best
to the worst channel based on the feedback transmitted back
to the BS on the UE channel qualities. We further assume that
a subset of all the UEs, which is denoted by Ay involving
Ky elements, take place in NOMA transmission such that
Nn CMy. Following SC scheme, the desired UE messages
was gathered to produce the transmit signal, which is given as

x=VPrwd | Busk, 3

where Pty is the total downlink transmit power, sj is the
unit-energy message symbol for the k-th UE, we CM*1 is
the precoder vector, and [y, is the power allocation coefficient
for the k-th UE such that 3, _\- 7 =1. Note that although
optimal power allocation policies are beyond the scope of this
work, we assume that each UE is allocated a certain amount of
power which is inversely proportional to its channel quality to
yield sufficient decoding performance. This power allocation
policy yields 3; < 3; for Vj <14 with i, j € Ny since the UEs
are ordered from the best channel quality to the worst.
The received signal at the k-th UE is given as

_ nH _ H
yr =hpx+ v = \/PTthWZkeNN

where vy is the observation noise following a complex
Gaussian process with zero mean and variance o2, denoted
as CN(0,0?), with the transmit signal-to-noise ratio (SNR)
p:PTX/JQ. We further assume that the k-th UE has its
own quality-of-service (QoS) based target rate Ry, and its
message s is accurately decoded whenever the respective
instantaneous data rate exceeds Rj,.

Exploiting the fact that the UEs with weak channel quality
are allocated more power, each UE first decodes the relatively
weaker UEs’ messages in a sequential fashion starting from the
weakest UE. While a message is being decoded, the interfering
messages of all the other UEs (having stronger channel qual-
ity) is treated as noise. Adopting SIC strategy, each decoded
message is then subtracted from the received signal (prior
to the decoding of the next weaker UE’s message), and the

Brsk + vk, (4)



desired message of that UE is decoded once all the weaker
UEs’ messages are decoded and cancelled.

Assuming that all the interfering messages of the UEs
weaker than m-th UE are decoded accurately at the k-th UE
with m >k, the respective signal-to-interference-plus-noise
ratio (SINR) while decoding the m-th UE message is given as

PTX‘hIk{WPBEn

> Prfhpw25f 40
I<m,leNy

SINR, 1 =

®)

which also represents the SINR of k-th UE while decoding
its own message for m = k. Note that (5) yields 2% [h}'b|232
when the k-th UE being the strongest one is decoding its own
message since no possible ! index of the summation in the
denominator satisfies | < k. Defining the instantaneous rate
associated with the k-th UE while decoding m-th UE mes-
sage as Ry, = log, (14 SINR,,,— ), the respective outage
probability for a given number of UEs K > Ky is given as

Po}NOMA —1—Pr ( ﬂ Ri—k > Rl) 5 (6)

k|K
| 1>k, leNy

=1-—Pr ( ﬂ SlNRl_>k > El) , (7)
1>k, lENN

where €, =27 — 1. Note that (6) ensures that the k-th UE
decodes its message successfully only if it can decode all
the messages of the relatively weaker UEs. We therefore
ignore error propagation due to the unsuccessful decoding
of interfering message of any weaker UE, which would be an
interesting future topic to investigate. The overall sum rate is

RNOMA _ i Pr(K=n) ( Z (1—P27|’>'{0MA) Rk> . (8)

n=Kn keNN

Depending on the NOMA user pairing strategy and the
feedback mechanism (on the UE channel qualities), it is not
always possible to form a NOMA user group involving Ky
UEs. We therefore assume a hybrid transmission strategy such
that the time-frequency resources and transmit power are fully
allocated to a single user whenever NOMA transmission is
not possible, and refer to this specific scheme as single user
transmission (SUT). We consider the problem of choosing the
best UE to schedule during SUT in Section III-C, and assume
a situation where the mechanism schedules the ksyt-th UE
for SUT. The respective outage probability is then given as

PeSUT = Pr (log, (14 p fl, W) <Rsur). ()

where Rsyt denotes the QoS-based target rate for any UE
when scheduled for SUT. The associated data rate is given as

(o)
RVT = 3~ Pr (k=) (1-P3SUT ) Reur. (10)
n=1

By (8) and (10), the respective hybrid sum rate is given as

Y

where Pyoma and Psyt stand for the probability of occurrence
of NOMA and SUT events, respectively.

HYB NOMA suT
R™ = Pnoma R + Psytr R,

B. Angle-Based Low-Resolution Feedback

As discussed in the previous section, the power allocation
policy dictates that each UE is allocated a certain amount of
power which is inversely proportional to its channel quality.
The NOMA transmitter therefore requires each UE to feedback
an appropriate information describing its channel quality.
Considering (5), the term |hllw|? completely describes the
channel quality, and, hence, is referred to as effective channel
gain. Assuming that w=a(f) with 0 being the AoD of the
precoder vector, and incorporating the channel model in (1),
the effective channel gain is obtained as

. M (sin 6 —sin @ .p)
He o Np |ak,p|2M sin (fk)
lhy;b|” = Z PL (d m(sin @—sin 0y ;) » (12)
= (dk) | M sin (%)

where Fy;(0, 0y ) is the Fejér Kernel function [?].

Although the effective channel gain in (12) describes the
channel quality completely, it becomes computationally com-
plicated to estimate the term |thw|2 as the underlying channel
experiences rapid fluctuations over time that requires either
frequent estimation from the scratch or sophisticated tracking
algorithms [17]. In addition, large number of transmit antennas
makes the possible estimation and tracking algorithms compu-
tationally even more expensive. Note that the effective channel
gain is a function of the distance dj, and the angle 0y, ,,, both
of which vary slowly as compared to the small-scale fading
o, which is behind the rapid channel fluctuations. The angle
and distance information are therefore considered separately
in [12] as limited feedback for NOMA transmission, which
turns out to be powerful alternatives of sending the complete
effective channel gain back to the transmitter.

In this work, we propose to use the low-resolution versions
of the distance and angle information not only individually
(i.e., either the angle or distance) but also jointly (i.e., both the
angle and distance). In particular, we consider one-bit quan-
tized feedback information, which corresponds to thresholding
the distance and angle with the adequate threshold values dy,
and O, respectively. Each UE therefore computes the one-
bit feedback information for both the distance and angle, and
sends them back to the NOMA transmitter.

The feedback information, which involves two bits for each
UE, is then processed at the NOMA transmitter to split the
UEs into two groups based on the channel qualities being
strong or weak. When the NOMA transmitter employs both
the feedback bits, which is referred to as two-bit NOMA, the
strong and weak UE groups are defined, respectively, as

S = {k e NU|10—0k| < bun,dx <dw},  (13)
i = {k € NI B~ 6] = bun, di > dun},  (14)

which exploits the dependency of the effective channel gain
on the distance and angle information, as provided by (12).
Similarly, the strong and weak UE groups based on angle
information only are described, respectively, as

S& ={keNy||0—0k| <6},
S\',AV: {kENqufaﬂ Z‘gth};

15)
(16)



and those for distance information only are

S2={kec Ny|d, <dw},Sy={keNy|dp >dwn}. (17)

When the NOMA transmitter employs only the angle or
distance feedback individually, as in (15)-(16) or (17), the
respective strategy is categorized as one-bit NOMA. Assuming
a practical transmission scheme of two UEs being served
simultaneously, the NOMA transmitter pairs UEs using these
groups such that the strong (weak) UE is picked up from S¢
(SYy) arbitrarily with te {2B, A, D}. By this way, each pair
consists of UEs with sufficiently distinctive channel qualities,
which ensures the promised performance of NOMA.

Note that although the distance-based one-bit NOMA is
considered in [?], there is neither angle-based one-bit NOMA
nor two-bit NOMA strategies available in the literature for
conventional radio-frequency (RF) communications. Consid-
ering the directional transmission feature of the mmWave
communications, the angle information, however, play a cru-
cial role in describing the channel quality of mmWave links.
The numerical results of Section V verify the superiority
of the use of angle information in both one-bit and two-bit
NOMA for mmWave communications. Note also that more
than two UEs can also be scheduled simultaneously within
this framework, but at the expense of loosing practicality and
degraded SIC decoding performance due to worse performance
of UE separation in terms of channel qualities.

C. UE Selection Strategies for SUT

We finally consider the UE selection strategies for the SUT
scheme, which takes places whenever the transmitter cannot
set up a UE pair, and, hence, the NOMA transmission is
not feasible. Indeed under any circumstances, the best UE to
schedule during SUT is the one with the best channel quality.
However, since the channel quality of any UE is not available
fully at the transmitter, we therefore need to determine the best
UE based on available limited and low-resolution feedback.

Assuming that the compound two-bit feedback information
is available at the transmitter, the best UE to schedule can be
found by searching the UE groups using the order S2% — S2B
In this mechanism, whenever at least a single UE is present in
S2B. the SUT scheme chooses that UE without proceeding to
the next group (i.e., S\%,B). Similarly, when either the angle or
distance information is available only, the best UE to schedule
for SUT can be found by searching S¢ — S, with s € {A, D}.

IV. HYBRID SUM RATE DERIVATION

In this section, we consider derivation of the outage and
event probabilities for the NOMA and SUT schemes under
two-bit NOMA transmission strategy to compute the hybrid
sum rates given by (11). We start with the analytical expression
for the cumulative distribution function (CDF) of the effective
channel gain, in the following theorem, and present two
additional theorems on derivation of the outage and event
probabilities separately.

Theorem 1: The CDF of the effective channel gain for two-
bit NOMA with s € {W,S} denoting the type of NOMA UE
being weak or strong, respectively, is given as

14+r7 =z
Fu 1- drde, (1
5//( exp{ Fai(0,0) 0 }> rat
where gW - (A/2 6th)< max dt2h) 55 ch( dr2n|n)
Rd = [dthv dmax] Rd = [dmlna dth] R\év = [(9 A 9 ch]

[9+0th70+A] Rs—w Oth,0+0th]
Theorem 2: The outage probability for two-bit NOMA is

Poie™ = Fs (/) , (19)

where s€ {W,S} denotes weak and strong NOMA UEs,
respectively, with the corresponding indices kw and ks, the
variable 75 is given as yw =nw and s = max (nw, 1) where

-1 9
ﬁW ﬂ5:| ) s = |: *ﬂs

Rk oRks — 1

-1
w = [ —6\%} . (20)

Similarly, the outage probability for SUT transmission is
SUT R
PZSUT|K Fs ((2 SUT_l) /p) )
where s=W if ksyt € S22, and s= S if ksyt € S25.
Theorem 3: The probability of occurrence of two-bit NOMA
transmission is given as

2

co K K-—n

Pnoma = Z > Br(n,m)plpy

=1n=1m=1

X (1—P5—Pw)K " meiu l;(' )
where Bg(n,m)= K!/n!m!(K—n—m)! is the multinomial
coefficient, ps =pgpq and p, = (1—pg)(1—p4) are the proba-
bilities for an arbitrary user of being in S§B and S2B, respec-
tively, with pg=20u/A and pg=(d% —d2;,)(d2c—d20)-
Similarly, probability of occurrence of SUT transmission is
given as

n 7 K-n_—
PSS (1) 02 + (1) e

K=1n=1

(22)

(23)

Proof: The proofs of Theorem 1-3 are omitted due to
the space limitation in this manuscript and the length of the
derivations. The complete proofs will be included rigorously
in the journal extension of this paper. |

Note that employing (19) in (8) and (21) in (10), one
can obtain the individual sum rates for NOMA and SUT
transmission, respectively. Finally, using the event probabilities
of NOMA and SUT given by (22) and (23), respectively, and
the individual sum rates in (8) and (10), the hybrid sum rates
in (11) can be computed readily.

V. NUMERICAL RESULTS

In this section, we present numerical results based on ex-
tensive Monte Carlo simulations, to evaluate the performance
of the one-bit and two-bit NOMA strategies for mmWave
communications. Considering the mmWave propagation char-
acteristics [18], the simulation parameters are listed in Table I,
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Fig. 2. Hybrid sum-rate performance of one-bit vs two-bit NOMA and OMA
along with transmit SNR where ¢y =0.1 and c¢g = 0.25.

where ks and kyw denote the indices of strong and weak
NOMA UE, respectively. In addition, we assume that the
threshold values dy, and 6y, are obtained using the coefficients
cq€[0,1] and cp€ [0, 1], respectively, through the equations
dth = dmin +cq (dmax* dmin) and oth = CQA/2-

TABLE 1

SIMULATION PARAMETERS
Parameter Value
UE density (\) 0.01m=2
Number of transmit antennas (M) 64
Path-loss exponent () 2
Power allocation coefficients (By,,,Bks)  (0.6,0.4)
Target rate of weak NOMA UE (Ry,, ) 1 bps/Hz
Target rate of strong NOMA UE (ﬁks) 8 bps/Hz
Target rate of SUT UE (Rgg 1) 8 bps/Hz
User region angle (A) 15°
User region inner radius (dmin) Om
User region outer radius (dmax) 30m
Precoder AoD (6) 0°
Angle threshold coefficient (cg) 0.1
Distance threshold coefficient (cg) 0.25

In Fig. 2, we depict the hybrid sum-rate performance of
various NOMA and OMA strategies along with the transmit
SNR, where the feedback schemes of one-bit angle only, one-
bit distance only, and two-bit (angle and distance together)
are considered for both NOMA and OMA transmission. We
observe that NOMA is significantly superior to OMA for all
the feedback schemes. We also observe that two-bit NOMA
employing both the angle and distance feedback bits jointly
is much better than one-bit NOMA strategies of distance
and angle only, where the theoretical and simulation results
show a nice match. Furthermore, one-bit NOMA with angle
feedback only yields a better performance than that of distance
feedback only. We therefore see that although angle-only
one-bit feedback is more powerful than distance-only one-bit

Sum Rate [bit/s/Hz]

0.05 0.1

015 02 025 03 035 04 045 05
Threshold Angle Coefficient

Fig. 3. Hybrid sum-rate performance of two-bit NOMA along with varying
angle and distance threshold coefficients with transmit SNR of 30 dB.

feedback in describing UE channel quality for this particular
setting, the overall NOMA performance is enhanced even
further when both feedback bits are employed (i.e., two-bit
NOMA).

We look into the impact of threshold coefficient choice in
Fig. 3, which depicts the hybrid sum-rate performance of two-
bit NOMA along with varying angle and distance threshold
coefficients (i.e., cg and cq4, respectively). We observe that
while both the coefficients should be taken small enough to
have sufficiently stronger UEs in S§B of (13), the coefficients
should not be too small in order not to end up with S§B having
no UE at all. Note that whenever S§B turns out to be an empty
set, the transmission mechanism schedules a single UE (i.e,
SUT scheme), and, hence, the hybrid sum-rate performance
degrades.

We finally compare the hybrid sum-rate performance of
one-bit and two-bit NOMA strategies in Fig. 4 for varying
user region size, which is controlled through dp.x and A.
In Fig. 4(a), we observe that two-bit NOMA is superior to
angle-only one-bit NOMA for dpax > 24 m, for which UEs
become more likely to be distinguishable using their distance
information, and, hence, two-bit feedback turns out to be
more powerful than angle-only one-bit feedback. Note also
that as the user region gets smaller (e.g., dmax <9m and
A <3°), NOMA becomes unfeasible and the transmission
scheme switches to SUT, which is the reason for two-bit and
angle-only one-bit NOMA having very similar hybrid sum
rates.

Similarly, Fig. 4(b) indicates that two-bit NOMA is much
better than distance-only one-bit NOMA when the user region
is sufficiently large (e.g., dmax>24m and A>7.5°). As a
result, we conclude that using one more feedback bit repre-
senting either distance or angle domain is useful for NOMA
transmission only if the UEs are distinguishable in that domain
associated with this additional bit of information. In addition,
if both distance and angle domain make UEs sufficiently
distinctive, two-bit NOMA involving both feedback bits out-
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dmax and A, where cg =0.1 and ¢y = 0.25, and the transmit SNR is 30 dB.

performs distance- or angle-only one-bit feedback schemes.

VI. CONCLUSION

We propose a practical NOMA transmission strategy for
mmWave communications, which makes use of unique angular
propagation characteristics of mmWave links. In particular,
we propose a low-resolution feedback mechanism for NOMA,
where the distance and angle information of UEs are repre-
sented by one bit each. The transmitter groups UEs based
on this two-bit information, and sets up UE pairs for NOMA
transmission using the groups of UEs having relatively strong
and weak channels. The overall transmission mechanism is

designed to be hybrid such that all the spectral resources are
allocated to a single UE whenever NOMA is not feasible. The
numerical results verify the superiority of the proposed one-bit
and two-bit NOMA with low-resolution angle information.
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