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Abstract—In overloaded Massive MIMO (mMIMO) systems,
wherein the number K of user equipments (UEs) exceeds the
number of base station antennas M , it has recently been shown
that non-orthogonal multiple access (NOMA) can increase the sum
spectral efficiency. This paper aims at identifying cases where code-
domain NOMA can improve the spectral efficiency of mMIMO in
the classical regime where K < M . Novel spectral efficiency ex-
pressions are provided for the uplink and downlink with arbitrary
spreading signatures and spatial correlation matrices. Particular
attention is devoted to the planar arrays that are currently being de-
ployed in pre-5G and 5G networks (in sub-6 GHz bands), which are
characterized by limited spatial resolution. Numerical results show
that mMIMO with such planar arrays can benefit from NOMA in
scenarios where the UEs are spatially close to each other. A two-
step UE grouping scheme is proposed for NOMA-aided mMIMO
systems that is applicable to the spatial correlation matrices of the
UEs that are currently active in each cell. Numerical results are
used to investigate the performance of the algorithm under different
operating conditions and types of spreading signatures (orthogonal,
sparse and random sets). The analysis reveals that orthogonal
signatures provide the highest average spectral efficiency.

Index Terms—Massive MIMO, uniform linear array, planar
rectangular array, spatial correlation matrices, code-domain
NOMA, spectral efficiency, channel estimation, arbitrary
spreading signatures.

I. INTRODUCTION

MASSIVE MIMO (mMIMO) [2], [3] and Non-Orthogonal
Multiple Access (NOMA) [4]–[6] are two physical layer
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technologies that have received large attention in recent years.
While mMIMO has already made it into the 5G standard [7], the
NOMA functionality remains to be standardized. Since mMIMO
will likely be a mainstream feature in 5G, it is important to
determine if and how NOMA can improve its performance. This
is the main topic of this paper.

A. Related Work and Motivation

Conventional multiple access schemes assign orthogonal
resources to each user equipment (UE). This provides re-
stricted/dedicated resources per UE but eliminates inter-UE
interference. It is well-known that this approach is inefficient
if the interference can be controlled in some other domain [4],
[5], [8]; the power and code domains are typically used for
interference suppression in NOMA, while the spatial domain
is used for mMIMO. While prior investigations addressed only
one of these three domains, some recent works consider systems
that combine NOMA and mMIMO. The vast majority of the
state-of-the-art contributions in this direction investigate the
performance of power-domain NOMA when combined with
mMIMO (see [9]–[12] and references therein). The gains are,
however, generally limited since, to be efficient, power-domain
NOMA requires UEs channels to be non-orthogonal, while a
core feature of mMIMO is to make UE channels nearly orthog-
onal [9].

Despite several theoretical works on code-domain NOMA
with the conventional MIMO have been addressed recently [13],
[14], the combination of code-domain NOMA with mMIMO
has received limited attention so far. The investigation in [15]
addresses the pilot transmission phase and analyzes two pilot
structures, namely, orthogonal and superimposed deterministic
pilots. It was shown that the superimposed approach achieves
better performance in a high mobility environment with a large
number of UEs. The uplink (UL) spectral efficiency and bit
error rate performance of mMIMO with a code-domain NOMA
scheme, called interleaved division multiple-access, were eval-
uated in [16] with a low-complexity iterative data-aided channel
estimation scheme and different suboptimal detection schemes,
such as maximal ratio (MR) and zero-forcing (ZF) combining.
In [17], the authors considered the UL of an overloaded set-
ting without any channel state information (CSI). Low density
spreading signatures were applied and a blind belief propaga-
tion detector was proposed. In [18], the mean squared error of

0018-9545 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on June 25,2021 at 11:21:28 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-9657-5172
https://orcid.org/0000-0002-2577-4091
https://orcid.org/0000-0002-5954-434X
https://orcid.org/0000-0003-1523-5083
mailto:lpmai@dut.udn.vn
mailto:luca.sanguinetti@iet.unipi.it
mailto:emilbjo@kth.se
mailto:mariagabriella.dibenedetto@uniroma1.it


4710 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 70, NO. 5, MAY 2021

code-domain NOMA was considered as the performance metric
of an overloaded mMIMO system.

The aim of this paper is to provide an analytical framework for
the analysis of the combination of code-domain NOMA and clas-
sical mMIMO. Particular attention is devoted to the underloaded
regime. This is motivated by the fact that a mMIMO network
works properly when each BS have more antennas, M , than
UEs, leading to an antenna-UE ratio M/K > 1 [3]. This makes
linear UL receive combining and DL transmit precoding nearly
optimal since each interfering UE contributes with relatively
little interference.

B. Contributions

The spectral efficiency (SE) of a classical mMIMO system
grows without bound as M → ∞ when the spatial correla-
tion properties of the interfering UEs’ channels are sufficiently
different [19], [20]. Nevertheless, the SE that is achieved at
any finite M can potentially be improved. In particular, there
might be use cases where the UEs are located close to each
other, such as in public hubs like stadiums, offices in high-rise
buildings, train stations, and public outdoor events, wherein
the UEs’ spatial channel correlation properties may be very
similar and, thus, a very large number of antennas is needed
to deliver acceptable performance when relying solely on the
spatial processing provided by classical mMIMO. Orthogonal
time-frequency scheduling algorithms that deal with this situ-
ation are described in [21], [22], but can these potentially be
improved using NOMA? The main objective of this paper is to
answer a simple question: What are (if any) the potential benefits
of code-domain NOMA with mMIMO in those use cases?

To provide some intuitions about the role that NOMA can
play, Section II first considers the UL of a case study setup
with a single cell, K = 2 active UEs and perfectly known
line-of-sight (LoS) propagation channels. The base station (BS)
is equipped with M = 64 antennas deployed on a uniform
linear array (ULA) with half-wavelength spacing. The analysis is
carried out for maximum ratio (MR) and minimum mean square
error (MMSE) combining schemes for UEs that are located
spatially close to each other such that the array cannot resolve
the UE angles. This is known as an unfavorable propagation
scenario in the mMIMO literature [3], [22]. The analysis is
then extended in Sections III and IV to both the UL and DL
of a general multicell mMIMO system with NOMA. Novel
general SE expressions are provided (borrowing standard results
from mMIMO literature) with arbitrary spreading sequences and
spatial correlation matrices, that are used to design combining
and precoding schemes, and to evaluate system performance for
two configurations of antenna arrays and channel models; that is,
the 2D one-ring channel model for a ULA and the 3D one-ring
channel model for a planar array. In Section V, these SEs are
used to confirm the preliminary analysis of Section II for the case
study setup with M = 64 and K = 2. To fully take advantage
of NOMA in a general setup with multiple UEs, in Section VI
we propose a per-cell UE grouping algorithm based on the
k−means algorithm and using the chordal distance between
spatial correlation matrices as a similarity score metric [23].

The proposed per-cell UE grouping algorithm possibly operates
in two steps and is applicable irrespective of the UE locations.
If the UEs are located close to each other, the second step makes
use of the Hungarian method to ensure that exactly N UEs are
assigned to each group such that GN = K, with G being the
total number of groups. This allows to make efficient use of
spreading sequences in the network.

C. Outline and Notation

The paper is organized as follows. Section II provides some
intuition on why code-domain NOMA can be useful with
mMIMO: a case study setup with a single-cell network, two
UEs and deterministic LoS channels. Section III introduces a
general signal model for NOMA-aided mMIMO with multicell
operation, arbitrary spreading signatures and spatial correlation
matrices. The achievable SEs in the UL and DL are derived
in Section IV, and used to select the optimal combining and
precoding schemes. Numerical results are used to quantify the
SEs in the case study setup and to validate the intuition provided
in Section II. A UE grouping algorithm is developed in Sec-
tion VI. The performance of NOMA-aided mMIMO is evaluated
in Section VII under different operating conditions. Conclusions
are drawn in Section VIII.

Notation: We denote [x]i and [X]i,j the ith element of the
vector x and (i, j)th element of the matrix X, respectively.
‖x‖2 denotes theL2-norm of vectorx, i.e. ‖x‖2 =

√∑
i |[x]i|2,

whereas the Frobenius norm of matrixX is denoted by ‖X‖F =√∑
i,j |[Xi,j ]|2. XT , X∗, XH, trX, E{X} are the transpose,

the complex conjugate, the conjugate transpose, the trace and the
expectation of the matrixX, respectively. The operator⊗ stands
for the Kronecker product. The circularly symmetric complex
Gaussian distribution with zero mean and correlation matrix R
is denoted by NC(0,R).

II. A GENTLE START: SINGLE-CELL DEPLOYMENT WITH TWO

UES AND LOS CHANNELS

To showcase what benefits code-domain NOMA can bring
in a multi-antenna system, we consider the UL of a single-cell
network where the BS is equipped with a uniform linear array of
M antennas with half-wavelength spacing, and receives signals
simultaneously from K = 2 single-antenna UEs. We denote
by hk ∈ CM for k = 1, 2 the channel between UE k and the
BS. We further assume free-space LoS channels, leading to
the following deterministic channel response [3, Sec. 1.3.2]:
hk =

√
βkak(φk)where βk is the large-scale fading attenuation

and ak(φk) = [1, ejπ sin(φk), . . . , ejπ(M−1) sin(φk)]T is the array
response vector with φk ∈ [0, 2π) being the angle-of-arrival
(AoA) from UE k, measured from the broadside of the BS
array. We assume that UEs use N -length spreading signatures
for UL data transmission, where N is a positive integer. We
call uk ∈ CN the spreading signature randomly assigned to
UE k and assume that ‖uk‖2 = N . The N × 2 matrix U =
[u1,u2] ∈ CN×2 denotes the signature matrix. The received
signal Y ∈ CM×N for the duration of spreading signatures is

Y = s1h1u
T
1 + s2h2u

T
2 +N, (1)
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where si ∼ NC(0, p) is the data signal from UE i and N ∈
CM×N is thermal noise with i.i.d. elements distributed as
NC(0, σ2

ul). Note that, in the absence of spreading signatures,
(1) reduces to the classical mMIMO signal model for the UL.

To detect s1 from Y in (1), the BS uses the combining vector
v1 ∈ CMN , multiplied by the vectorized version ofY, to obtain

vH
1 vec (Y) = s1v

H
1 g1 + s2v

H
1 g2 + vH

1 vec (N) , (2)

where gk = vec(hku
T
k ) = uk ⊗ hk ∈ CMN for k = 1, 2 is the

effective channel vector. By treating the interference as noise,
the achievable SE for UE 1 is

SE1 =
1
N

EU {log2 (1 + γ1)} , (3)

where γ1 is the signal-to-interference-and-noise ratio (SINR)

γ1 =
p|vH

1 g1|2
p|vH

1 g2|2 + σ2
ulv

H
1 v1

(4)

and the expectation is taken with respect to the random assign-
ment of signatures. The pre-log factor 1

N accounts for the frac-
tion of samples used for transmitting the spreading signatures
and it is smaller than 1 as it would be the case with classical
mMIMO. However, if the signatures are properly associated
with the UEs, the SE can be higher. To better understand this,
we now design the combiner v1 in (2), which must be selected
as a function of {g1,g2}, rather than {h1,h2} as would be
the case in classical mMIMO. We assume that β1 = β2 = β
and define the average received signal-to-noise ratio (SNR) as
SNRul = βp/σ2

ul. We begin by considering the popular MR
combining with perfect channel knowledge, defined as v1 = g1,
leading to

γMR
1 =

1

| 1
M aH1 (φ1)a2(φ2)|2| 1

N uH
1 u2|2 + 1

MNSNRul

, (5)

given that1gH
1 g1 = βMN and

|gH
1 g2|2 = β2|aH1 (φ1)a2(φ2)|2|uH

1 u2|2.
We note that [3, Sec. 1.3.2]

1
M

aH1 (φ1)a2(φ2) =

{
sin(MΩ12)
M sin(Ω12)

if sin(φ1) 
= sin(φ2)

1 if sin(φ1) = sin(φ2)
(6)

with Ω12 = π(sin(φ1)− sin(φ2))/2.
The term | 1

M aH1 (φ1)a2(φ2)|2| 1
N uH

1 u2|2 accounts for the in-
terference generated by UE 2 and MNSNRul represents the
received SNR in the absence of interference. From (6), it follows
that the interference is stronger when the AoAs are similar to
each other. However, if the UEs are associated to orthogonal
codes/signatures (i.e., uH

1 u2 = 0), the interference vanishes ir-
respective of the similarity of the AoAs, and the SE grows
without limit as SNRul → ∞. On the contrary, it saturates
to log2(1 + 1/| 1

M aH1 (φ1)a2(φ2)|2) with mMIMO, due to the
residual interference.

Instead of using the suboptimal MR combining, we note that
γ1 in (4) is a generalized Rayleigh quotient with respect tov1 and

1(A⊗B)H = AH ⊗BH and (A⊗B)(C⊗D) = AC⊗BD

Fig. 1. SE of UE 1 for mMIMO-based scheme (M = 64) with two code-
domain NOMA approaches, under LoS propagation withφ1 = 30◦, as a function
of the azimuth angle of the interfering UE. MR (Fig. 1(a)) vs. MMSE combining
(Fig. 1(b)) with perfect CSI are considered.

thus is maximized by the minimum mean square error (MMSE)
combining vector [3, Sec. 1.3.3]:

v1 =

(
2∑

i=1

gig
H
i +

1
SNRul

IMN

)−1

g1, (7)

leading to

γMMSE
1 = gH

1

(
g2g

H
2 +

1
SNRul

IMN

)−1

g1

(a)
= MNSNRul

(
1 − | 1

M aH1 (φ1)a2(φ2)|2| 1
N uH

1 u2|2
1 + 1

MNSNRul

)
(8)

where (a) follows from the matrix inversion lemma. The above
SINR contains the same terms as (5), but has a different structure.
In (5), | 1

M aH1 (φ1)a2(φ2)|2| 1
N uH

1 u2|2 must be interpreted as the
perfomance loss due to the cancellation of the interference
generated by UE 2. Similar to MR combining, this performance
loss increases as the signals arrive from similar angles, but
can be controlled (or even reduced to zero) by using spreading
signatures.

To quantitatively compare the different schemes, Fig. 1 shows
the SE of UE 1 when M = 64 and SNR = 0 dB with MR
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(Fig. 1(a)) and MMSE (Fig. 1(b)) combining schemes. The
nominal angle of UE 1 is fixed atφ1 = 30◦ while the angle of UE
2 varies from −60◦ to 60◦. NOMA is employed with spreading
signatures of length N = 2, which are either taken from an
orthogonal set or randomly picked up from an assemble of ±1.
Irrespective of the combining scheme and type of spreading
signatures, mMIMO-NOMA outperforms mMIMO when the
UEs are closely located, meaning in this case |φ2 − φ1| ≤ 5◦.
The reason is that mMIMO is unable to spatially separate the
UEs in this case. However, mMIMO achieves higher SE with
both combining schemes already for |φ2 − φ1| ≥ 8◦, which is a
relatively small angular difference.

The bottom line message of Fig. 1 is that there exist specific
cases where NOMA can provide benefits if utilized with BSs
equipped with many antennas M , even when M � K. How-
ever, several strong assumptions were made in this example; that
is, single-cell operation with only 2 UEs and LoS propagation
with perfect CSI. Moreover, the 64 antennas were deployed on a
large uniform linear array with half-wavelength spacing, which
is unlikely to be the case in practice [20]. The question thus is:
What happens in the UL and DL of practical mMIMO networks
where these assumptions are not met?

III. SYSTEM MODEL

We consider an mMIMO network composed of L cells. The
BS in each cell is equipped withM antennas and simultaneously
serves K single-antenna UEs. We assume that the BSs and UEs
operate according to a TDD protocol with a data transmission
phase and a pilot phase for channel estimation. We consider
the standard block fading TDD protocol [3, Sec. 2.1] in which
each coherence block consists of τc channel uses, whereof τp
are used for UL pilots, τu for UL data, and τd for DL data,
with τc = τp + τu + τd. We denote by hj

lk ∈ CM the channel
between UE k in cell l and BS j. In each coherence block,
an independent correlated Rayleigh fading channel realization
hj
lk ∼ NC(0M ,Rj

lk) is drawn, where Rj
lk ∈ CM×M is the spa-

tial correlation matrix. The normalized trace βj
lk = tr(Rj

lk)/M
is the average channel gain from BS j to UE k in cell l.
The UEs’ channels are independently distributed. Notice that
the spatial correlation matrices {Rj

lk} evolve slowly in time
compared to the fast variations of channel vectors {hj

lk}. The
measurements in [24] suggest roughly two orders of magnitude
slower variations. We thus assume they are available wherever
needed; see [25]–[28] for practical correlation matrix estimation
methods.

A. Channel Modeling

The spatial correlation matrix Rj
lk describes both the array

geometry and the multipath propagation environment. Models
for generation of Rj

lk with arbitrary array geometries and envi-
ronments can be found in [3, Sec. 7.3].

In this paper, we consider the following two physically moti-
vated models:

1. 2D One-Ring Channel Model: This model considers a
ULA with half-wavelength spacing and average path loss βj

lk

[21], [3, Sec. 2.6]. The antennas and UEs are located in the same
horizontal plane, thus the azimuth angle is sufficient to determine
the directivity. It is assumed that the scatterers are uniformly
distributed in the angular interval [ϕj

lk −Δ, ϕj
lk +Δ], where

ϕj
lk is the nominal geographical angle-of-arrival (AoA) and Δ

is the angular spread. This makes the (m1,m2)th element ofRj
lk

equal to[
Rj

lk

]
m1,m2

=
βj
lk

2Δ

∫ Δ

−Δ

ejπ(m1−m2) sin(ϕ
j
lk+ϕ)dϕ. (9)

2. 3D One-Ring Channel Model: This model considers a
uniform planar array with the half-wavelength horizontal and
vertical antenna spacing [3, Sec. 7.3]. We consider a quadratic
array consisting of

√
M horizontal rows with

√
M antennas

each, which restricts M to be the square of an integer. In this
case, the (m1,m2)th element of Rj

lk is given by[
Rj

lk

]
m1,m2

=

βj
lk

∫∫
ejπ(m1−m2) sin(θ)︸ ︷︷ ︸

Vertical correlation

ejπ(m1−m2) cos(θ) sin(ϕ)︸ ︷︷ ︸
Horizontal correlation

f(ϕ, θ)dϕdθ,

(10)

where f(ϕ, θ) is the joint probability density function of the
azimuth ϕ and elevation θ angles.

Following [3, Sec. 7.3.2], the 3D model is implemented by
assuming that the BS height is 25 m, the UE height is 1.5 m, and
a uniform angular distribution is used. We adopt a relative small
value azimuth ϕ = 2◦ thorough the paper. The elevation θ of
each UE is defined based on its distance to the BS of interest [3,
Sec. 7.3.2]. With fixedϕ = 2◦, θ in this model ranges from about
3◦ to about 43◦.

Although the 2D model has been commonly used in the
mMIMO literature (cf. [21], [29]), the 3D model definitely better
reflects the typical pre-5G and 5G mMIMO array configurations
in sub-6 GHz bands [30]. While a 64-antenna ULA can have a
high angular resolution in the azimuth domain and no resolution
in the elevation domain, an 8 × 8 planar array has a mediocre
resolution in both domains. This might have an important impact
on the spatial multiplexing capabilities, depending on where the
UEs are located.

B. Channel Estimation

The UL pilot signature of UE k in cell j is denoted by the
vector φjk ∈ Cτp and satisfies ‖φjk‖2 = τp. The elements of
φjk are scaled by the square-root of the pilot power

√
pjk and

transmitted over τp channel uses, giving the received signal
Yp

j ∈ CM×τp at BS j:

Yp
j =

K∑
i=1

√
pjih

j
jiφ

T
ji︸ ︷︷ ︸

Desired pilots

+

L∑
l=1,l 
=j

K∑
i=1

√
plih

j
liφ

T
li︸ ︷︷ ︸

Inter-cell pilots

+ Np
j︸︷︷︸

Noise

, (11)

where Np
j ∈ CM×τp is noise with i.i.d. elements distributed as

NC(0, σ2
ul). Note that we are not assuming mutually orthogo-

nal pilot signatures, but arbitrary spreading signatures. Hence,
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the MMSE estimator of hj
jk takes a more complicated form

than in prior works (e.g., [3, Sec. 3.2]), and is given by (see
Appendix A)

ĥj
li =

√
pli

(
φH

li ⊗Rj
li

)(
Qj

li

)−1
vec
(
Yp

j

)
, (12)

with Qj
li =

∑L
l′=1

∑K
i′=1 pl′i′(φl′i′φ

H
l′i′)⊗Rj

l′i′ + σ2
ulIMτp .

The estimation error h̃j
li = hj

li − ĥj
li is independent of ĥj

li and
has correlation matrix Cj

li = E{h̃j
li(h̃

j
li)

H} = Rj
li −Φj

li with

Φj
li = pli

(
φH

li ⊗Rj
li

)
(Qj

li)
−1
(
φli ⊗Rj

li

)
. (13)

Note that the MMSE estimate in (12) holds for any choice
of pilot signatures {φli}, that can be arbitrarily taken from
orthogonal, non-orthogonal, random, or sparse sets. In clas-
sical mMIMO, orthogonal pilot signatures are usually em-
ployed, leading to the simplified MMSE estimation expres-
sion ĥj

li =
√
pliR

j
li(Q

j
li)

−1(Yp
jφli) [3, Sec. 3.2], where Qj

li =∑
(l,′i′)∈Pli

pl′i′τpR
j
l′i′ + σ2

ulIM and Pli collects the indices of
UEs that utilize the same pilot as UE i in cell l.

C. UL and DL Data Transmissions

While classical mMIMO only uses spreading signatures for
UL pilot transmission, mMIMO with NOMA utilizes N -length
spreading signatures also for UL data transmission, N being a
positive integer. We denote by ujk ∈ CN the spreading signa-
ture assigned to UE k in cell j and assume that ‖ujk‖2 = N .
As for pilot transmission, the spreading signatures {ujk} are
also selected from an arbitrary set and different options will be
compared below. The received signal Yj ∈ CM×N at BS j for
the duration of a spreading signature is given by

Yj =

K∑
i=1

sjih
j
jiu

T
ji︸ ︷︷ ︸

Intra-cell signals

+

L∑
l=1,l 
=j

K∑
i=1

slih
j
liu

T
li︸ ︷︷ ︸

Inter-cell interference

+ Nj︸︷︷︸
Noise

, (14)

where sli ∼ NC(0, pli) is the data signal from UE i in cell l with
pli being the transmit power and Nj ∈ CM×N is thermal noise
with i.i.d. elements distributed as NC(0, σ2

ul).
In the DL, the transmitted signal Xj ∈ CM×N is given by

Xj =
∑K

i=1 ςjiWji where ςjk ∼ NC(0, ρjk) is the data signal
intended for UE k in cell j andWji ∈ CM×N is the correspond-
ing precoding matrix that determines the spatial directivity of the
signal. The received signalyjk ∈ CN×1 at UE k in cell j, during
the transmission of a spreading signature, is

yH
jk =

K∑
i=1

ςji(h
j
jk)

HWji +

L∑
l=1,l 
=j

K∑
i=1

ςli(h
j
jk)

HWli + nH
jk,

(15)

where njk ∈ CN×1 is thermal noise with i.i.d. elements dis-
tributed as NC(0, σ2

dl). No a priori assumption is made on
the precoding matrices {Wji}. In Section IV-B, they will be
designed based on channel estimates as well as spreading sig-
natures used at the UEs for detection.

IV. SPECTRAL EFFICIENCY

In this section, we will compute the SEs that are achieved in
the UL and DL when arbitrary spreading signatures are used and
we will design the combining/precoding vectors.

A. UL Spectral Efficiency

To detect the data signal sjk from Yj in (14), BS j selects
the combining vector vjk ∈ CMN , which is multiplied with the
vectorized version of Yj to obtain

vH
jkvec (Yj) = sjkv

H
jkg

j
jk +

K∑
i=1,i
=k

sjiv
H
jkg

j
ji︸ ︷︷ ︸

Intra-cell interference

+
L∑

l=1,l 
=j

K∑
i=1

sliv
H
jkg

j
li︸ ︷︷ ︸

Inter-cell interference

+vH
jkvec (Nj)︸ ︷︷ ︸

Noise

, (16)

where gj
li = vec(hj

liu
H
li) ∈ CMN or, equivalently,

gj
li = uli ⊗ hj

li = (uli ⊗ IM )hj
li, (17)

is the effective channel vector with correlation matrix
E{gj

li(g
j
li)

H} = (uli ⊗ IM )Rj
li(u

H
li ⊗ IM ) = (uliu

H
li)⊗Rj

li.
The MMSE estimate of gj

li is obtained as ĝj
li = uli ⊗ ĥj

li =

(uli ⊗ IM )ĥj
li.

Note that (16) is mathematically equivalent to the signal
model of a classical mMIMO system where the effective chan-
nel vectors are distributed as gj

lk ∼ NC(0M , (ulku
H
lk)⊗Rj

li)

and the effective channel estimates are distributed as ĝj
lk ∼

NC(0M , (ulku
H
lk)⊗Φj

lk) with Φj
lk given by (13). The key

difference is the presence of the spreading signatures (used
for UL pilot and data transmissions) in the distributions. The
ergodic capacity in UL can thus be evaluated by using the
well-established lower bounds developed in the mMIMO lit-
erature [3].

Lemma 1: If the MMSE estimator is used, an UL SE of UE
k in cell j is

SEul
jk =

1
N

τu
τc

E
{
log2

(
1 + γul

jk

)}
[bit/s/Hz] , (18)

where the effective instantaneous SINR γul
jk is given in

γul
jk =

pjk|vH
jkĝ

j
jk|2

vH
jk

⎛⎝ L∑
l=1
l 
=j

K∑
i=1

pliĝ
j
li(ĝ

j
li)

H
+

K∑
i=1
i
=k

pjiĝ
j
ji(ĝ

j
ji)

H
+ Zj

⎞⎠vjk

(19)

with Zj =
∑L

l=1

∑K
i=1 pli(uliu

H
li)⊗Cj

li + σ2
ulIMN . The ex-

pectation is taken with respect to the realizations of the effective
channels, i.e., gj

li = uli ⊗ hj
li.

2

2This is different from (3) in the case study of Section II, where the expectation
is only taken with respect to the random assignment of signatures since the
channel responses are deterministic under LoS propagation.
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Proof: The proof follows the same steps as that of [3, Th. 4.1]
for the signal model in (16) and is hence omitted.

Unlike the case study example of Section II where perfect
CSI was assumed, the pre-log factor 1

N
τu
τc

in (18) accounts
for the fraction of samples used for transmitting pilot and data
signatures. Whenever N > 1, it is still smaller than τu

τc
, which

would be the case with classical mMIMO.
The SE expression in (18) holds for any combining vector

and choice of spreading signatures in the data transmission.
MR combining with vjk = ĝj

jk is a possible choice. Similar
to (4), the expression in (19) has also the form of a generalized
Rayleigh quotient. Thus, the vector that maximizes the SINR
can be obtained as stated by the following lemma.

Lemma 2: The SINR in (19) is maximized by

vjk = pjk

(
L∑
l=1

K∑
i=1

pliĝ
j
li(ĝ

j
li)

H
+ Zj

)−1

ĝj
jk, (20)

leading to γul
jk = pjk(ĝ

j
jk)

H
(
∑

(l,i) 
=(j,k) pliĝ
j
li(ĝ

j
li)

H
+

Zj)
−1ĝj

jk.
Proof: This result follows from [3, Lemma B.10] by replacing

the channel estimates ĥj
li with those of the effective channels,

i.e., ĝj
li = uli ⊗ ĥj

li.
The combining vector vjk in (20) is a function of the effective

MMSE estimates {ĝj
li = uli ⊗ ĥj

li}, rather than {ĥj
li} as would

be the case in classical mMIMO. Different spreading signatures
have an impact on its structure and on the corresponding SE.
We call it NOMA MMSE (N-MMSE) combining since it also
minimizes the mean-squared error (MSE) MSEk = E{|sjk −
vH
jkvec(Yj)|2

∣∣{ĝj
li}}, that represents the conditional MSE be-

tween the data signal sjk and the received signal vH
jkvec(Yj),

after receive combining.
So far, we have not taken into account the structure of spread-

ing signatures {ujk}, thus the SE expressions hold for any
set of signatures. We will now consider the special case when
the signatures are selected from a set of mutually orthogonal
vectors. In this case, the estimate of sjk at BS j is obtained by
first correlating Yj with the spreading signature ujk and then
by multiplying the processed data signal3Yjujk ∈ CM by the
combining vector v̄jk ∈ CM . We let Cjk denote the set of the
indices of all UEs that utilize the same spreading signature as
UE k in cell j. It can be easily shown that the SINR is maximized
by

v̄jk = pjk

( ∑
(l,i)∈Cjk

pliĥ
j
li(ĥ

j
li)

H
+ Z̄jk

)−1

ĥj
jk, (21)

with Z̄jk =
∑

(l,i)∈Cjk pliC
j
li +

σ2
ul

N IM and maximum SINRγul
jk

(see eq. (30)).

B. DL Spectral Efficiency

We assume that, to detect the data signal ςji from yjk in
(15), UE k in cell j correlates yjk with its associated spreading

3The processed signal Yjujk is a sufficient statistic for estimating sjk when
the signatures are selected from a set of mutually orthogonal vectors, since there
is no loss in useful information as compared to usingYj ; see e.g. [3, App. C.2.1].

signature ujk to obtain

zjk = yH
jkujk

= (hj
jk)

HWjkujkςjk +
K∑

i=1,i
=k

(hj
jk)

HWjiujkςji

+

L∑
l=1,l 
=j

K∑
i=1

(hj
jk)

HWliujkςli + nH
jkujk. (22)

Notice that the UE does not know the precoded channels
(hj

jk)
HWli since no pilots are transmitted in the DL. To mitigate

the interference of the other UEs, it can only use its assigned
spreading signature ujk. We denote the vectorized version of
Wli as wli = vec(Wli) ∈ CMN and observe that

(hj
jk)

HWliujk =
(
ujk ⊗ hj

jk

)H
vec(Wli) = (gj

jk)
Hwli.

(23)

Hence, zjk reduces to

zjk = (gj
jk)

Hwjkςjk +

K∑
i=1,i
=k

(gj
jk)

Hwjiςji

+
L∑

l=1,l 
=j

K∑
i=1

(gj
jk)

Hwliςli + nH
jkujk. (24)

As in the UL, (24) is mathematically equivalent to the sig-
nal model of classical mMIMO. Characterizing the capacity
is harder in the DL than in the UL since it is unclear how
the UE should best estimate the effective precoded channel
(gj

jk)
Hwjk needed for decoding. However, an achievable SE

can be computed using the so-called hardening capacity bound,
which has received great attention in the mMIMO literature [3,
Sec. 4.3] and will be adopted here as well.4

Lemma 3: The DL ergodic channel capacity of UE k in cell
j in mMIMO-NOMA is lower bounded by

SEdl
jk =

1
N

τd
τc

log2

(
1 + γdl

jk

)
[bit/s/Hz], (25)

where the effective SINR γdl
jk is given as

γdl
jk =

ρjk|E{wH
jkg

j
jk}|2

L∑
l=1

K∑
i=1

ρliE{|wH
lig

l
jk|2} − ρjk|E{wH

jkg
j
jk}|2 + σ2

dl

.

(26)

The expectations are with respect to the realizations of the
effective channels gj

li = uli ⊗ hj
li ∀j, l, i.

Proof: The proof follows the same steps as that of [3, Th. 4.6]
for the signal model in (24) and is hence omitted.

As in the UL, the DL SE in (25) holds for any choice of
precoding vectors and spreading signatures. Moreover, the pre-
log factor is reduced by a factor N compared to what it would
be in classical mMIMO (i.e., τd/τc). Unlike the UL, optimal

4The hardening bound is a standard information theoretic tool for the analysis
of the capacity in the DL where channel state information is not available at the
UE side. The practical and theoretical implications of these bounds can be found
in mMIMO textbooks (e.g., [3, Sec. 4.3]).
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precoding design is a challenge since (25) depends on the pre-
coding vectors {wli} of all UEs. A common heuristic approach
relies on the UL-DL duality [3, Th. 4.8], which motivates to
select the precoding vectors as scaled versions of the combining
vectors wjk =

vjk√
E{||vjk ||2}

where the scaling factor is chosen to

satisfy the precoding normalization constraint E{||wjk||2} = 1.
By selectingvjk according to one of the UL combining schemes
described earlier, the corresponding precoding scheme is ob-
tained.

The expectations in (26) can be computed for any arbitrary
precoding scheme by using Monte Carlo simulations. However,
similar to [3, Cor. 4.5], we can obtain the closed-form expres-
sions when using MR precoding, as described in the following
corollary.

Corollary 1: If MR precoding is used with wjk =
ĝjk√

E{||ĝjk||2}
, the expectations in (26) become

|E{wH
jkg

j
jk}|2 = pjktr

((
ujku

H
jk

)⊗Φj
jk

)
and

E{|wH
lig

l
jk|2} =

tr
(((

ujku
H
jk

)
⊗Rl

jk

)((
uliu

H
li

)⊗Φj
li

))
tr
((
uliuH

li

)⊗Φl
li

) .

(27)

If the spreading signatures {ujk} are selected from a set
of mutually orthogonal vectors, then we can choose Wjk =
w̄jku

H
jk where w̄jk ∈ CM is the precoding vector associated to

UE k in cell j. Therefore, (22) reduces to

zjk = yH
jkujk = Nςjk(h

j
jk)

Hw̄jk

+
∑

(l,i)∈Cjk
Nςli(h

j
jk)

Hw̄li + nH
jkujk, (28)

from which the effective SINR in (26) reads as

γdl
jk =

ρjk|E{wH
jkh

j
jk}|2∑

(l,i)∈Cjk
ρliE{|w̄H

lih
l
jk|2} − ρjk|E{w̄H

jkh
j
jk}|2 + σ2

dl

N

(29)

where the noise power is reduced by a factor N compared to
classical mMIMO (see [3, Th. 4.6]). If MR precoding is used

with w̄jk = ĥjk/

√
E{||ĥjk||2}, then (29) reduces to (30), as

shown at the bottom of this page.
Unlike with mMIMO (e.g., [3, Cor. 4.7]), the strength of

coherent and non-coherent interference terms is determined by
how similar the spatial correlation matricesRl

li with (l, i) ∈ Cjk
and (l, i) ∈ {Pjk ∩ Cjk \ (j, k)} are to Rl

jk. By assigning or-
thogonal spreading signatures to the UEs with similar channel
conditions, the SE can be higher than with mMIMO. We notice
also that a N− fold reduction of the noise term is achieved.

V. NUMERICAL ANALYSIS FOR THE CASE STUDY:
SINGLE-CELL WITH TWO UES

To quantify the potential benefits of code-domain NOMA in
mMIMO, we begin by considering the simple case study of
Section II with L = 1, M = 64, and K = 2, and numerically
evaluate the SE for the practical setup described in Table I. For
brevity, the analysis is carried out in the UL and MR and MMSE
combining using MMSE channel estimation are considered.
When NOMA is employed, we assume that orthogonal codes
of length N = 2 are assigned to the two UEs. The two practical
channel models described in Section III-A are used.

A. Is NOMA Needed?

Similar to Fig. 1, we investigate the SE behavior with respect
to the UEs’ locations. We fix the nominal azimuth angle of one
UE at 30◦ while we let the nominal azimuth angle of the second
one vary from −90◦ to 90◦. Following the setup in Fig. 1, we
impose that the average channel gain per antenna stays the same,
i.e., β1

11 = β1
12. Fig. 2 shows the UL SE of UE 1 with classical

mMIMO and mMIMO-NOMA for the 2D and 3D models. With
the NOMA scheme, N-MMSE and N-MR are exactly the same
since N = 2 and thus no interference is present—this is why
only the N-MMSE curve is reported. Both channel models are
considered with a relatively small ASD of Δ = 2◦. We observe
that classical mMIMO gives higher SE than NOMA in both
2D and 3D models for most of the angles of the interfering
UE. Different results are obtained for the case in which the
two UEs have very similar angles. This is a challenging setup
characterized by unfavorable propagation, wherein NOMA can
bring some benefit.

γul
jk = pjk(ĥ

j
jk)

H

⎛⎝ ∑
(l,i)∈Cjk

pliĥ
j
li(ĥ

j
li)

H
+ Z̄jk

⎞⎠−1

ĥj
jk

γdl
jk =

ρjkpjkτptr
(
Rj

jk(Q
j
jk)

−1
Rj

jk

)
∑

(l,i)∈Cjk
ρli

tr
(
Rl

jkR
l
li(Q

l
li)

−1
Rl

li

)
tr
(
Rl

li(Q
l
li)

−1
Rl

li

)
︸ ︷︷ ︸

Non-coherent interference

+
∑

(l,i)∈{Pjk∩Cjk\(j,k)}

ρlipjkτp

∣∣∣tr(Rl
jk(Q

l
li)

−1
Rl

li

)∣∣∣2
tr
(
Rl

li(Q
l
li)

−1
Rl

li

)
︸ ︷︷ ︸

Coherent interference

+
σ2
dl

N

(30)
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TABLE I
NETWORK PARAMETERS

Fig. 2. SE of UE 1 in a single-cell two-user setup with Δ = 2◦ and M = 64
with mMIMO and mMIMO-NOMA for N = 2 as a function of the azimuth
angle of the interfering UE. The nominal azimuth angle of the desired UE is
fixed at 30◦. The 2D (Fig. 2(a)) and 3D (Fig. 2(b)) channel models described in
Section III-A are considered.

For the 2D model, Fig. 2(a) shows that MMSE largely outper-
forms NOMA even in this poor favorable propagation condition.
This is because MMSE is a sufficiently powerful scheme to
reject the interference even when the UEs are very close in
space. However, we notice that this is achieved at the cost of
a higher computational complexity than with MR [3] since the
complexity scales as M 3. Fig. 2 also shows that NOMA can
provide some gain compared to MR, without any increase in
complexity.

For the 3D model, Fig. 2(b) reveals that, when the UEs are
close in space, NOMA provides the highest SE irrespective of
the combining scheme used with mMIMO. This is because the

Fig. 3. Behaviour of the variance defined in eq. (31), for the same setup
of Fig. 2, with respect to the change of azimuth angle of the interfering UE.
Uncorrelated fading is also reported for comparison with 2D and 3D channel
models, described in Section III-A.

planar array has a smaller spatial resolution, that reduces the
spatial interference rejection capabilities of mMIMO and opens
the door for complementing it with NOMA.

B. A Look at the Favorable Propagation Conditions

To better understand the above results, Fig. 3 shows the
variance

δ1
1,12 = V

{
(h1

11)
Hh1

12√
E{‖h1

11‖2}E{‖h1
12‖2}

}
=

tr
(
R1

11R
1
12

)
M 2β1

11β
1
12

(31)

of the two UEs for 2D and 3D models in the same setup of Fig. 2.
The variance is quantitatively measuring the level of favorable
propagation [3, Eq. (2.19)]. It takes values in the interval δ1

1,12 ∈
[0, 1], where smaller values represent a higher level of favorable
propagation. Specifically, δ1

1,12 = 1 if R1
11 and R1

12 are rank one
and have the same dominant eigenvector.

In contrast, δ1
1,12 = 0 if the correlation matrices R1

11 and
R1

12 are orthogonal, i.e., tr(R1
11R

1
12) = 0, which is a special

case of linearly independent correlation matrices. Note that full
orthogonality is unlikely to appear in practice [20].

The variance in (31) equals 1/M 2 for uncorrelated fading
channels. However, Fig. 3 shows that the values of (31) changes
with angles when considering the 2D and 3D channel mod-
els. It achieves its maximum value at 30◦ for both models,
which coincides with the angle giving the lowest SE values in
Fig. 2. With the 2D model, the peak variance is relatively small
(≈ 0.25), leading to comparatively good favorable propagation
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conditions. This justifies why classical mMIMO performs fairly
well in the setup of Fig. 2. On the other hand, the variance is
substantially larger (≈ 0.95) with the 3D model. This is because
both horizontal and vertical spatial resolutions of the 8 × 8 array
is only given by 8 antennas. Therefore, separation of the UEs
in any of the two domains cannot be achieved. Hence, the two
UEs cause much interference to each other, and thus the SE of
mMIMO deteriorates, especially with MR. As shown in Fig. 2,
this issue can be solved with NOMA by assigning orthogonal
spreading signatures to the UEs with similar channel conditions.
A natural question is thus how to group the UEs in a cell into
groups that offer favorable propagation conditions. This problem
is addressed next.

VI. UE GROUPING

The concept of grouping UEs in mMIMO based on their
spatial correlation matrices was introduced in [21], but for
the purpose of orthogonal time-frequency scheduling when the
UEs in each group have identical low-rank spatial correlation
matrices. Inspired by [21], the vast majority of UE scheduling
algorithms (e.g., [31] and references therein) rely on the sparsity
of channels (i.e., rank-deficient correlation matrices). However,
channel measurements for mMIMO systems operating in sub−6
GHz bands have recently shown that the spatial correlation
matrices may have high rank, with a mix of several weak and
a few strong eigendirections [32], [33], and vary even between
closely spaced UEs; see also [20, Section III.C] for a discussion
on the main properties of practical spatial correlation matrices.
This implies that one cannot separate UEs into groups with
orthogonal spatial correlation matrices to guarantee favorable
propagation conditions, or expect UEs in the same group to have
identical statistics. In other words, the grouping of UEs is highly
non-trivial and will be addressed in this section. To this end, we
first define the notion of dominant eigenspaces to capture the
eigenspace that contains most of the energy of each correlation
matrix.

Definition 1 (p-Dominant eigenspace): LetA ∈ CM×M be a
Hermitian matrix with eigenvalue decompositionA = UDUH.
The p-dominant eigenspace eigp(A) = [u1 . . .up] is the (tall)
unitary matrix composed of the p eigenvectors belonging to its
p largest eigenvalues.

The problem is how to group the UEs in a cell such that the
p−dominating eigenspaces of the (possibly full-rank) correla-
tion matrices of the UEs in each group are similar and different
from the correlation matrices of other groups. A similarity score
metric for measuring the difference between two eigenspaces is
needed. A possible choice is given by the chordal distance.

Definition 2 (Chordal distance): The chordal distance
dC(A,B) between two matrices A and B is defined as

dC(A,B) = ‖AAH −BBH‖2
F . (32)

For two (tall) unitary matrices A,B ∈ CM×p, the chordal
distance takes the form

dC(A,B) = ‖AAH −BBH‖2
F

= tr((AAH −BBH)(AAH −BBH)H)

= tr(AAH +BBH − 2AAHBBH)

= 2p− 2
p∑

i=1

p∑
j=1

|aHi bj |2 (33)

where ak and bk denotes the kth column of A and B, respec-
tively. The chordal distance can be interpreted as the number
of dimensions of the subspace that can be reached by a linear
combination of the column vectors of only one of the two matri-
ces. For example, if A = B, we have dC(A,B) = 0. Although
each matrix individually spans p dimensions, all of them can
be reached through a linear combination of the column vectors
of A and B. On the other hand, for AHB = 0p×p, we have
dC(A,B) = 2p because each matrix spans a p−dimensional
space which cannot be reached through a linear combination of
the column vectors of the other matrix.
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Fig. 4. Resulting association of UE positions to groups from the k−means
algorithm with G = 8, p = 6 and a 3D one-ring channel model with a planar
quadratic 8 × 8-antenna array.

Several solutions exist in the literature to form groups on the
basis of similarity scores [10], [21], [23], [31]. Among those, we
adopt thek−means algorithm, which is widely used and operates
as follows. For any cell j, k−means takes as inputs the set
of intra-cell spatial correlation matrices {Rj

jk; k = 1, . . . ,K},
the desired number of groups G, and the desired number of
dominant eigenspace dimensions per group p. The output is a
set of G tall unitary matrices {Ūg ∈ CM×p : g = 1, . . . , G},
representing the center (or mean) of each group, and the sets
{Cg : g = 1, . . . , G}, where Cg denotes the index set of UEs
belonging to group g. The pseudo-code provided in Algorithm
1 describes how the algorithm works. Notice that the use of
chordal distance in Algorithm 1 has three advantages: i) it can be
used to measure the difference of possibly full-rank correlation
matrices; ii) it reduces the computational complexity since only
the p−dominant eigenspaces (with p � M ) of each UE are
used; iii) it can be applied with the k−means algorithm since it
is an Euclidean distance. If the latter condition was not satisfied,
solutions can be found using the k−medoid algorithm, which
has higher complexity. The k−medoid algorithm is for example
used in [31] based on the normalized channel correlation factor
(hj

jk)
Hhj

ji

‖hj
jk‖‖hj

ji‖
, which requires perfect channel state information.

Heuristic solutions can also be found using greedy algorithms
(e.g. [10]).

The k−means algorithm allows us to partition a cell into
geographical regions, which are characterized by correlation
matrices spanning almost orthogonal dominant eigenspaces.
This concept can be seen as a three-dimensional extension
of the traditional cell sectorization. While the latter is static
and fixed at the time of the antenna deployment, the former
covariance-based clustering algorithm adapts dynamically to the
UE locations and the propagation environment. The algorithm
can be applied ‘offline’ to a very larger number of correlation
matrices, which have been recorded over time to find static,
but environment dependent, group spaces. Only the association
of UEs to groups needs to be computed at the run-time. An
example of offline grouping is provided in Fig. 4, which shows
the resulting association of 1000 UE positions to G = 8 groups
of p = 6 dimensions under the 3D one-ring model for a planar
quadratic 8 × 8 antenna array with half-wavelength-spacing.
The UEs are uniformly distributed over a 120◦ sector with 125 m
radius. Note that the algorithm has partitioned the cell into eight

azimuth bins while no separation is visible in the elevation
dimension. This is because the horizontal angular spread dom-
inates the vertical angular spread in the chosen scenario. For a
smaller cell radius, a higher mounting height, a larger vertical
antenna spacing, also groups in the elevation dimension can
appear.

If the number of active UEs is not very large or UEs are
located close to each other, Algorithm 1 may provide some
groups that are empty while others are overloaded. To solve
this issue, a further step in the k−means algorithm is needed,
which assigns exactly N UEs to each group while minimizing
the sum of the chordal distance pairs. This can be achieved by
employing the Hungarian method [34], which is a combinato-
rial optimization algorithm that solves an assignment problem.
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Fig. 5. Resulting association of K = 32 UE positions to G = 8 groups with
Algorithm 1 and Algorithm 2. The latter allows to assign exactly N = 4 UEs to
each group.

This leads to Algorithm 2, which takes as input the output of
Algorithm 1, which is represented by the G unitary matrices
{Ūg ∈ CM×p : g = 1, . . . , G}, representing the center of each
group, the sets {Cg : g = 1, . . . , G}, and the K tall unitary
matrices {Ūk ∈ CM×p : k = 1, . . . ,K}. The output returns the
set {C ′

g : g = 1, . . . , G}, where C ′
g denotes the updated index

set of those UEs being reallocated to group g. The sets of
matrices {Ūg, g = 1, . . . , G} and {Ūk, k = 1, . . . ,K} are used
to obtain the matrix D ∈ RG×K , whose generic element dg,k
represents the distance between UE k and the center of group
g. The distance matrix D is then used to compute the square
Hungarian matrix H ∈ RK×K . This is done through the follow-
ing operation H = D⊗ 1N ∈ RK×K , which simply replicates
N times the G rows of D.5 The algorithm proceeds by finding
the minimum chordal distance (cost) when assigning UEs to
groups based on cost, and such that each UE must be assigned
to a different group. As mentioned above, the key of Algorithm
2 is that it assigns exactly N UEs to each group such that the
N−length spreading sequences can be efficiently used within
each group. An example is provided in Fig. 5 for the same
setup of Fig. 4 but with K = 32 UE positions. The resulting
association toG = 8 groups is shown with both Algorithm 1 and
Algorithm 2. Only the latter allows to assign exactly the same
number of UEs to each group, which is in this case N = 4. To
the best of our knowledge, there exists no other UE-grouping
algorithm in the literature that performs such operation.

5Notice that this step is needed because the Hungarian method works with
square matrices. The K −NG extra rows of H could also be made of all zeros
without changing the output of the algorithm.

Remark 1: UE-grouping is a widely investigated topic
in multi-user wireless communications. There exist several
schemes in the literature that differ in terms of underlying
method (optimal, heuristic, greedy,...), similarity score metric,
available information (instantaneous channel estimates, statis-
tical knowledge,...), computational complexity, channel models
and so forth. A fair comparison among the existing solutions
is very hard and is out of the scope of this work since it would
require a fine-tuning of all the specific solutions. We believe that
the combination of Algorithm 1 and Algorithm 2 represents a
good baseline scheme to perform UE-grouping in the context
of code-domain NOMA, and quantifies the benefits that it can
bring into mMIMO.

VII. PERFORMANCE EVALUATION

This section compares the performance of mMIMO with
vs. without NOMA, and validates the benefits of the grouping
algorithm. A network with L = 4 cells is considered. Each cell
has an area of 250 m × 250 m. We numerically evaluate the
average sum SE per cell in the UL and DL, i.e.:

SEul
j =

K∑
k=1

SEul
jk and SEdl

j =

K∑
k=1

SEdl
jk, (34)

for the network setup defined in Table I. Each BS is located in
the center of its cell, has M antennas, and serves K UEs. The
analysis is carried out with both MR and MMSE combining
schemes, using MMSE channel estimation. Based on results of
Section V, only a 3D channel model with a 8 × 8 planar array and
a relative smallΔ = 2◦ is considered. If not otherwise specified,
we assume that τp = K orthogonal pilot sequences are used for
channel estimation.

A. How Efficient Is the UE Grouping Algorithm?

We begin by assessing the benefits of properly grouping the
UEs with mMIMO-NOMA in the UL, with the two following
typical scenarios:

1) For a Fixed Number of UEs: Fig. 2(b) shows that SE
is largely reduced when UEs are located within a 30◦ sector.
Therefore, we assume K = 16 UEs uniformly and indepen-
dently distributed over a 30◦ sector (oriented as in Fig. 4), that
is randomly located at a distance of 100 m from the BS. Fig. 6
illustrates the average sum SE per cell, with classical mMIMO
and mMIMO-NOMA. With the latter scheme, the UE groups
are formed either in a random way (i.e., without grouping)
or through Algorithm 2 (i.e., with grouping). Sequences are
orthogonal and randomly assigned to active UEs. The impact of
length of spreading signatures N vs. number of BS antennas M
are shown in Fig. 6(a) and Fig. 6(b), respectively. In Fig. 6(a),
N−length signatures are assigned to the UEs in each group,
implying that the number of formed groups is G = K/N . With
N = 1, there is no spreading and mMIMO-NOMA reduces to
mMIMO.

Results of Fig. 6 show that mMIMO-NOMA with Algorithm
2 achieves better performance than random grouping with both
MR and MMSE combining, as shown, in particular, in Fig. 6(a)
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Fig. 6. Average sum UL SE with mMIMO and mMIMO-NOMA as a function
of the spreading signature lengthN (Fig. 6(a)), and of the number of BS antennas
M (Fig. 6(b)) when K = 16 UEs are uniformly distributed over a 30◦ sector.
mMIMO-NOMA is operated with no grouping vs. with a grouping algorithm
(Algorithm 2). Orthogonal spreading signatures are used.

for N ≥ 4, and in Fig. 6(b) for M ≥ 16. Compared to mMIMO,
both approaches of mMIMO-NOMA can provide higher gain,
and the performance of MMSE is much greater than that of MR.
This happens since MMSE combining has better interference
cancellation capabilities. In summary, NOMA can bring some
benefits compared to mMIMO also when spreading signatures
are randomly assigned. Better performance can be achieved if
spreading sequences are assigned according to spatial correla-
tion matrices. Results are in agreement with those of the case
study (see Fig. 2). In particular, Fig. 6(b) confirms that there
exists specific cases where NOMA can provide benefits even
when M � K. Similar results can be obtained for the DL due
to the UL-DL duality property, thus are skipped due to space
limitations.

2) Varying Number of UEs: We now consider the case in
which the number of active UEs, K, in each cell increases.
For an overall evaluation, we display the SE performance in
both underloaded and overloaded regimes, i.e. K ranges from
16 to 128, while the number of BS antennas is kept fixed at
M = 64. Similarly to Fig. 6, we assume that the UEs are located
close to each other. Unlike Fig. 6, however, we assume that
they are equally distributed in four distinct circle clusters with
radius r = 20 m, that have K/4 UEs each, and are randomly

Fig. 7. Average sum SE as a function of number of UEs K with mMIMO and
mMIMO-NOMA with no grouping vs. with a grouping algorithm (Algorithm
2). UL and DL transmissions are considered. Orthogonal spreading signatures
are used.

deployed in each cell. This implies that the UEs are already
grouped into G = 4 groups per cell. Spreading signatures of
length N = K/4 are assigned to the K/4 UEs in each group.
Orthogonal spreading signatures are adopted. This might be
a quite challenging setup for conventional mMIMO due to
the insufficient spatial resolution of a planar BS array with
64 antennas.

We compare classical mMIMO and mMIMO-NOMA with
and without grouping-based signature assignment. The average
sum SE as a function of number of UEs K is shown in the UL
(Fig. 7(a)) and DL (Fig. 7(b)). With mMIMO-NOMA without
grouping, the spreading sequences are randomly assigned to the
UEs in the cell; this means that UEs in the same group can
be assigned to the same spreading sequence. The result shows
that mMIMO-NOMA with proper assignment of sequences
performs well in both UL and DL, in particular when using
MMSE combining/precoding. mMIMO-NOMA with grouping
achieves higher SE than classical mMIMO already withK = 16,
and the gap slightly increases asK gets larger. WithK = 32, the
SE gain is 20% in the UL and 40% in the DL. The constant gap
between mMIMO-NOMA with grouping and classical mMIMO
for both UL and DL remains in the overloaded regime, i.e. when
K > M,M = 64. The reason is that mMIMO-NOMA achieves
a roughly constant sum SE as K increases, while it reduces
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Fig. 8. Average sum UL SE as a function of number of UEs K with mMIMO
and mMIMO-NOMA for different types of spreading signatures of length
N = 4.

for classical mMIMO due to the lack of favorable propagation
conditions. The SE reduction is larger in the DL than in the UL,
which might be due to the suboptimality of MMSE precoding
and equal DL power allocation.

B. Which Spreading Signatures Are More Favorable?

We now compare the achievable SE with spreading signatures
of length N = 4, taken from either orthogonal, random, and
sparse sets, as shown in Fig. 8. In the random case, the N -length
signatures are picked up from an assemble of {±1}, whereas
in the sparse case, low-density signatures are used, having only
one non-zero value randomly distributed within the N -length
signature [35], [36]. Herein Fig. 8 shows the sum UL SE as a
function of number of UEs in the same setup of Fig. 7. We notice
that orthogonal signatures give the highest performance with
both MR and MMSE combining. While mMIMO-NOMA with
orthogonal codes has better performance for K ≥ 8, mMIMO-
NOMA with random codes might provide some gain compared
to mMIMO for K ≥ 32. This is because the probability that
a given group of UEs is closely located in space increases as
K becomes larger. Interestingly, mMIMO-NOMA with MR
outperforms mMIMO only when orthogonal codes are used; this
is because MR cannot deal with the extra interference originating
from the non-orthogonality of random and sparse codes. As in
the case of Fig. 6, similar results are obtained for the DL, and
thus omitted due to space limitations.

C. Impact of Channel Estimation Quality

The spatial interference rejection capabilities of mMIMO
depend on the quality of channel estimates. So far, we have
assumed that τp = K orthogonal pilot sequences are used for
channel estimation. This is the common approach in mMIMO
since it allows each BS to allocate orthogonal pilot sequences
among its UEs, which are those originating the strongest interfer-
ence. However, there might be use cases with stringent latency
requirements in which only few samples τp can be dedicated
to channel estimation. In these cases, τp will likely be smaller
than K and thus UEs within the same cell can be assigned
to the same pilot sequence. This gives rise to intra-cell pilot

Fig. 9. Average sum UL SE as a function of number pilot signatures τp
with mMIMO and mMIMO-NOMA. K = 32 UEs and orthogonal spreading
signatures of length N = 8 are considered.

contamination, which inevitably deteriorates the SE of mMIMO.
We now investigate if NOMA can bring some benefits in these
cases.

Fig. 9 depicts the sum UL SE as a function of number pilot
signatures τp with mMIMO and mMIMO-NOMA. We adopt the
same setup of Fig. 7, where K = 32 UEs are equally distributed
in four circle-areas of radius r = 20 m, and are randomly de-
ployed in the cell area. Orthogonal spreading codes with length
N = 8 are used for transmission and properly assigned to the
different groups with mMIMO-NOMA thanks to Algorithm
2. Fig. 9 shows that SE starts reducing when τp < 16 with
both mMIMO and mMIMO-NOMA. However, the decrease in
performance is slightly lower with mMIMO-NOMA because
it does not rely only on the quality of channel estimates for
dealing with interference. Particularly, a large gain is observed
with NOMA when MMSE is used with only one channel use
(i.e., τp = 1) for channel estimation. This is because MMSE is
affected much from not having good channel estimates.

VIII. CONCLUSION

We investigated cases where code-domain NOMA can im-
prove the spectral efficiency of mMIMO in the classical regime
where K < M . Novel general SE expressions for arbitrary
spreading signatures and combining/precoding schemes were
provided. We used these expressions to show, by means of
simulations, that the SE can be improved by NOMA in cases
when poor favorable propagation conditions are experienced by
the UEs. This may happen when the UEs are located close to
each other and/or when planar arrays with insufficient resolution
in the azimuth domain are considered.

A two-step grouping algorithm was developed based on the
k-means algorithm using the chordal distance as a similarity
score metric to group the UEs with similar spatial correlation
matrices. To fully take advantage of NOMA, the second step
makes use of the Hungarian method to ensure that theN−length
spreading sequences can be efficiently used forN UEs per group.
Numerical results showed that mMIMO-NOMA may provide
some gains if spreading sequences are assigned to the UEs within
the same group. This is valid, as expected, in the overloaded
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regime, but also even with the classical mMIMO setup, i.e.M �
K. The analysis was carried out with orthogonal, random, and
sparse spreading signatures, revealing that orthogonal spreading
sequences are the best choice. We also showed that benefits
can be achieved with NOMA when channel estimates of lower
quality are available at the mMIMO BS. This can be of practical
interest for massive machine type communications where short
pilot sequences are generally used for channel estimation.

APPENDIX A

The MMSE estimate of hj
li is obtained as [37]

ĥj
li = E

{
hj
livec

(
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j

)H}(
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{
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(
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j

)
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(
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j

)H})−1

vec
(
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j

)
. (35)

By using vec(ABC) = (CT ⊗A)vec(B) we obtain

E
{
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)H}
=

√
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)
, (36)

since the channels are independent. Similarly, one gets

E
{
vec
(
Yp

j

)
vec
(
Yp

j

)H}
=
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(
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=
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=
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(
φl′i′φ

H
l′i′
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l′i′ + σ2IMτp . (37)

By substituting (36) and (37) into (35) yields (12).

ACKNOWLEDGMENT

The authors would like to acknowledge Jakob Hoydis for
useful discussions in the development of Algorithm 1.

REFERENCES

[1] M. T. P. Le, L. Sanguinetti, E. Björnson, and M.-G. Di Benedetto, “What
is the benefit of code-domain NOMA in massive MIMO?,” in Proc. IEEE
30th Annu. Int. Symp. Personal, Indoor Mobile Radio Commun. (PIMRC),
Sep. 2019, pp. 1–5.

[2] T. L. Marzetta, “Noncooperative cellular wireless with unlimited numbers
of base station antennas,” IEEE Trans. Wireless Commun., vol. 9, no. 11,
pp. 3590–3600, Nov. 2010.

[3] E. Björnson, J. Hoydis, and L. Sanguinetti, “Massive MIMO networks:
Spectral, energy, and hardware efficiency,” Foundations Trends Signal
Process., vol. 11, no. 3/4, pp. 154–655, 2017. [Online]. Available: http:
//dx.doi.org/10.1561/2000000093

[4] L. Dai, B. Wang, Z. Ding, Z. Wang, S. Chen, and L. Hanzo, “A survey
of non-orthogonal multiple access for 5G,” IEEE Commun. Surveys Tut.,
vol. 20, no. 3, pp. 2294–2323, Jul.–Sep. 2018.

[5] S. R. Islam, N. Avazov, O. A. Dobre, and K.-S. Kwak, “Power-domain
non-orthogonal multiple access (NOMA) in 5G systems: Potentials and
challenges,” IEEE Commun. Surveys Tut., vol. 19, no. 2, pp. 721–742,
Apr.–Jun. 2017.

[6] M. T. P. Le, G. C. Ferrante, G. Caso, L. De Nardis, and M.-G. Di Benedetto,
“On information-theoretic limits of code-domain NOMA for 5G,” IET
Commun., vol. 12, no. 15, pp. 1864–1871, 2018.

[7] S. Parkvall, E. Dahlman, A. Furuskär, and M. Frenne, “NR: The new 5G
radio access technology,” IEEE Commun. Standards Mag., vol. 1, no. 4,
pp. 24–30, Dec. 2017.

[8] M. T. P. Le, G. Caso, L. De Nardis, A. Mohammadpour, G. Tucciarone, and
M.-G. Di Benedetto, “Capacity bounds of low-dense NOMA over rayleigh
fading channels without CSI,” in Proc. IEEE 25th Int. Conf. Telecommun.
(ICT), 2018, pp. 428–432.

[9] K. Senel, H. V. Cheng, E. Björnson, and E. G. Larsson, “What role can
NOMA play in massive MIMO?,” IEEE J. Sel. Topics Signal Process.,
vol. 13, no. 3, pp. 597–611, Jun. 2019.

[10] D. Kudathanthirige and G. A. A. Baduge, “NOMA-aided multicell down-
link massive MIMO,” IEEE J. Sel. Topics Signal Process., vol. 13, no. 3,
pp. 612–627, Jun. 2019.

[11] D. Zhang, Z. Zhou, C. Xu, Y. Zhang, J. Rodriguez, and T. Sato, “Capacity
analysis of NOMA with mmWave massive MIMO systems,” IEEE J. Sel.
Areas Commun., vol. 35, no. 7, pp. 1606–1618, Jul. 2017.

[12] A. S. de Sena, D. B. da Costa, Z. Ding, and P. H. J. Nardelli, “Massive
MIMO-NOMA networks with multi-polarized antennas,” IEEE Trans.
Wireless Commun., vol. 18, no. 12, pp. 5630–5642, Dec. 2019.

[13] L. Liu, Y. Chi, C. Yuen, Y. L. Guan, and Y. Li, “Capacity-achieving
MIMO-NOMA: Iterative LMMSE detection,” IEEE Trans. Signal Pro-
cess., vol. 67, no. 7, pp. 1758–1773, Apr. 2019.

[14] Y. Chi, L. Liu, G. Song, C. Yuen, Y. L. Guan, and Y. Li, “Practical MIMO-
NOMA: Low complexity and capacity-approaching solution,” IEEE Trans.
Wireless Commun., vol. 17, no. 9, pp. 6251–6264, Sep. 2018.

[15] J. Ma, C. Liang, C. Xu, and L. Ping, “On orthogonal and superimposed
pilot schemes in massive MIMO NOMA systems,” IEEE J. Sel. Areas
Commun., vol. 35, no. 12, pp. 2696–2707, Dec. 2017.

[16] C. Xu, Y. Hu, C. Liang, J. Ma, and L. Ping, “Massive MIMO, non-
orthogonal multiple access and interleave division multiple access,” IEEE
Access, vol. 5, pp. 14 728–14748, 2017.

[17] T. Wang, L. Shi, K. Cai, L. Tian, and S. Zhang, “Non-coherent NOMA
with massive MIMO,” IEEE Wireless Commun. Lett., 2019.

[18] L. Liu, C. Yuen, Y. L. Guan, Y. Li, and C. Huang, “Gaussian message
passing for overloaded massive MIMO-NOMA,” IEEE Trans. Wireless
Commun., vol. 18, no. 1, pp. 210–226, Jan. 2019.

[19] E. Björnson, J. Hoydis, and L. Sanguinetti, “Massive MIMO has unlimited
capacity,” IEEE Trans. Wireless Commun., vol. 17, no. 1, pp. 574–590,
Jan. 2018.

[20] L. Sanguinetti, E. Björnson, and J. Hoydis, “Towards massive MIMO
2.0: Understanding spatial correlation, interference suppression, and pi-
lot contamination,” IEEE Trans. Commun., vol. 68, no. 1, pp. 232–257,
Jan. 2020.

[21] H. Huh, G. Caire, H. Papadopoulos, and S. Ramprashad, “Achieving ‘mas-
sive MIMO’ spectral efficiency with a not-so-large number of antennas,”
IEEE Trans. Wireless Commun., vol. 11, no. 9, pp. 3226–3239, Sep. 2012.

[22] T. L. Marzetta, E. G. Larsson, H. Yang, and H. Q. Ngo, Fundamentals of
Massive MIMO. Cambridge, U.K.: Cambridge Univ. Press, 2016.

[23] K. Ko and J. Lee, “Multiuser MIMO user selection based on chordal
distance,” IEEE Trans. Commun., vol. 60, no. 3, pp. 649–654, Mar. 2012.

[24] I. Viering, H. Hofstetter, and W. Utschick, “Spatial long-term variations
in urban, rural and indoor environments,” in Proc. COST273 5th Meeting,
Lisbon, Portugal, 2002.

[25] E. Björnson, L. Sanguinetti, and M. Debbah, “Massive MIMO with im-
perfect channel covariance information,” in Proc. Asilomar Conf. Signals,
Syst. Comput., Nov. 2016, pp. 974–978.

[26] D. Neumann, M. Joham, and W. Utschick, “Covariance matrix estimation
in massive MIMO,” IEEE Signal Process. Lett., vol. 25, no. 6, pp. 863–867,
Jun. 2018.

[27] K. Upadhya and S. A. Vorobyov, “Covariance matrix estimation for
massive MIMO,” IEEE Signal Process. Lett., vol. 25, no. 4, pp. 546–550,
Apr. 2018.

[28] S. Haghighatshoar and G. Caire, “Massive MIMO pilot decontamination
and channel interpolation via wideband sparse channel estimation,” IEEE
Trans. Wireless Commun., vol. 16, no. 12, pp. 8316–8332, Dec. 2017.

[29] H. Yin, D. Gesbert, M. Filippou, and Y. Liu, “A coordinated approach to
channel estimation in large-scale multiple-antenna systems,” IEEE J. Sel.
Areas Commun., vol. 31, no. 2, pp. 264–273, Feb. 2013.

[30] E. Björnson, L. Sanguinetti, H. Wymeersch, J. Hoydis, and T. L. Marzetta,
“Massive MIMO is a reality—What is next? Five promising research
directions for antenna arrays,” Digit. Signal Process., vol. 19, pp. 3–20,
2019.

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on June 25,2021 at 11:21:28 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1561/2000000093


LE et al.: CODE-DOMAIN NOMA IN MASSIVE MIMO: WHEN IS IT NEEDED? 4723

[31] L. Zhu, J. Zhang, Z. Xiao, X. Cao, D. O. Wu, and X. Xia, “Millimeter-wave
NOMA with user grouping, power allocation and hybrid beamforming,”
IEEE Trans. Wireless Commun., vol. 18, no. 11, pp. 5065–5079, Nov. 2019.

[32] X. Gao, O. Edfors, F. Rusek, and F. Tufvesson, “Massive MIMO per-
formance evaluation based on measured propagation data,” IEEE Trans.
Wireless Commun., vol. 14, no. 7, pp. 3899–3911, Jul. 2015.

[33] J. Flordelis, F. Rusek, F. Tufvesson, E. G. Larsson, and O. Edfors, “Massive
MIMO performance-TDD versus FDD: What do measurements say?,”
IEEE Trans. Wireless Commun., vol. 17, no. 4, pp. 2247–2261, Apr. 2018.

[34] H. W. Kuhn, “The hungarian method for the assignment problem,” Nav.
Res. Logistics Quart., vol. 2, no. 1/2, pp. 83–97, 1955.

[35] G. C. Ferrante and M.-G. Di Benedetto, “Spectral efficiency of ran-
dom time-hopping CDMA,” IEEE Trans. Inf. Theory, vol. 61, no. 12,
pp. 6643–6662, Dec. 2015.

[36] M. T. P. Le, G. C. Ferrante, T. Q. S. Quek, and M.-G. Di Benedetto,
“Fundamental limits of low-density spreading NOMA with fading,” IEEE
Trans. Wireless Commun., vol. 17, no. 7, pp. 4648–4659, Jul. 2018.

[37] S. M. Kay, Fundamentals of Statistical Signal Processing: Estimation
Theory. Upper Saddle River, NJ, USA: Prentice-Hall, Inc., 1993.

Mai T. P. Le received the Ph.D. degree from Sapienza
University of Rome, Rome, Italy, in February 2019.
Since 2011, she has been with the Department of
Electronics and Telecommunications, the University
of Danang – University of Science and Technology,
Da Nang, Vietnam, where she is currently a Lec-
turer. From 2015 to 2020, she was a Ph.D. student
and Postdoctoral Researcher with the Department of
Information Engineering, Electronics and Telecom-
munications, Sapienza University of Rome. In 2016,
she was a Visiting Researcher with the Singapore

University of Technology and Design, Singapore in 2016, and in 2012, with the
Arizona State University, Tempe, AZ, USA. Her main research interests include
information theory, mathematical theories, and their application in wireless
communications. Her current research focuses on physical layer techniques for
beyond 5G networks and THz communications.

Luca Sanguinetti (Senior Member, IEEE) received
the Laurea Telecommunications Engineer degree
(cum laude) and the Ph.D. degree in information
engineering from the University of Pisa, Pisa, Italy,
in 2002 and 2005, respectively. In 2004, he was a
Visiting Ph.D. Student with German Aerospace Cen-
ter, Oberpfaffenhofen, Germany. During the period
June 2007 – June 2008, he was a Postdoctoral Asso-
ciate with the Department of Electrical Engineering,
Princeton University, Princeton, NJ, USA. From July
2013 to October 2017, he was with Large Systems

and Networks Group, CentraleSupélec, France. He is currently an Associate
Professor with the Dipartimento di Ingegneria dell’Informazione, University of
Pisa. He has coauthored two textbooks Massive MIMO Networks: Spectral,
Energy, and Hardware Efficiency (2017) and Foundations of User-Centric
Cell-Free Massive MIMO (2021). His expertise and general interests include
communications and signal processing.

He was an Associate Editor for the IEEE TRANSACTIONS ON WIRELESS COM-
MUNICATIONS and IEEE SIGNAL PROCESSING LETTERS, the Lead Guest Editor of
the IEEE JOURNAL ON SELECTED AREAS OF COMMUNICATIONS Special Issue on
Game Theory for Networks, and an Associate Editor for the IEEE JOURNAL ON

SELECTED AREAS OF COMMUNICATIONS, series on Green Communications and
Networking. He is currently an Associate Editor for the IEEE TRANSACTIONS

ON COMMUNICATIONS and is a Member of the Executive Editorial Committee
of theIEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS.

He was the recipient of the 2018 Marconi Prize Paper Award in Wireless
Communications and coauthored a paper that received the Young Best Paper
Award from the ComSoc/VTS Italy Section. He was the co-recipient of two Best
Conference Paper awards, the IEEE WCNC 2013 and the IEEE WCNC 2014.
He was also the recipient of the FP7 Marie Curie IEF 2013, Dense deployments
for green cellular networks.

Emil Björnson (Senior Member, IEEE) received the
M.S. degree in engineering mathematics from Lund
University, Lund, Sweden, in 2007 and the Ph.D.
degree in telecommunications from the KTH Royal
Institute of Technology, Stockholm, Sweden, in 2011.
From 2012 to 2014, he was a joint Postdoctoral with
the Alcatel-Lucent Chair on Flexible Radio, SUP-
ELEC, Gif-sur-Yvette, France, and the KTH Royal
Institute of Technology. In 2014, he joined Linköping
University, Linköping, Sweden, where he is currently
an Associate Professor. In September 2020, he be-

came a part-time Visiting Full Professor with the KTH Royal Institute of
Technology.

He has authored the textbooks Optimal Resource Allocation in Coordinated
Multi-Cell Systems (2013), Massive MIMO Networks: Spectral, Energy, and
Hardware Efficiency (2017), and Foundations of User-Centric Cell-Free Mas-
sive MIMO (2021). He is dedicated to reproducible research and has made
a large amount of simulation code publicly available. His research interests
include MIMO communications, radio resource allocation, machine learning
for communications, and energy efficiency. Since 2017, he has been on the
Editorial Board of the IEEE TRANSACTIONS ON COMMUNICATIONS. Since 2020,
he has been a Member of the Online Editorial Team of the IEEE TRANSACTIONS

ON WIRELESS COMMUNICATIONS. Since 2021, he has been the Area Editor of
the IEEE Signal Processing Magazine. He is also the Guest Editor of multiple
special issues.

He has performed MIMO research for more than 14 years, his papers have
received more than 12000 citations, and he has filed more than twenty patent ap-
plications. He is a Host of the podcast Wireless Future and has a popular YouTube
channel. He was the recipient of the 2014 Outstanding Young Researcher Award
from IEEE ComSoc EMEA, the 2015 Ingvar Carlsson Award, the 2016 Best
Ph.D. Award from EURASIP, the 2018 IEEE Marconi Prize Paper Award in
Wireless Communications, the 2019 EURASIP Early Career Award, the 2019
IEEE Communications Society Fred W. Ellersick Prize, the 2019 IEEE Signal
Processing Magazine Best Column Award, the 2020 Pierre-Simon Laplace Early
Career Technical Achievement Award, and the 2020 CTTC Early Achievement
Award. He also coauthored papers which received Best Paper Awards at the
conferences, including WCSP 2009, the IEEE CAMSAP 2011, the IEEE SAM
2014, the IEEE WCNC 2014, the IEEE ICC 2015, and WCSP 2017.

Maria-Gabriella Di Benedetto (Fellow, IEEE) re-
ceived the Ph.D. degree from Sapienza University
of Rome, Rome, Italy, in 1987. In 1991, she joined
the Faculty of Engineering of Sapienza University,
where she is currently a Full Professor of telecom-
munications. She held visiting positions with the
Massachusetts Institute of Technology, Cambridge,
MA, USA, the University of California, Berkeley,
Berkeley, CA, USA, and the University of Paris XI,
Paris, France. Her research interests include wireless
communication systems, impulse radio communica-

tions, and speech. She is a Fellow of the Radcliffe Institute for Advanced Study,
Harvard University, Cambridge, MA, USA. In 1994, she was the recipient of
the Mac Kay Professorship Award from the University of California, Berkeley.

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on June 25,2021 at 11:21:28 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


