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Abstract—The recent concept of beamspace multiple-input
multiple-output (MIMO) is capable of significantly reducing the
number of radio-frequency (RF) chains required by millimeter-
wave (mmWave) massive MIMO systems. However, the fun-
damental limit of the existing beamspace MIMO is that, the
number of supported users cannot be higher than the number
of RF chains using the same time-frequency resources. To break
this limit, beamspace MIMO is integrated with non-orthogonal
multiple access (NOMA) in the proposed MIMO-NOMA system
in this paper, where the number of supported users can be
higher than the number of RF chains. To reduce the inter-
beam interference, a transmit precoding (TPC) scheme based
on the principle of zero-forcing (ZF) is designed. Furthermore,
a dynamic power allocation scheme is proposed for maximizing
the achievable sum rate. Moreover, a low-complexity iterative op-
timization algorithm is conceived for dynamic power allocation.
Simulation results show that the proposed beamspace MIMO-
NOMA achieves a higher spectrum and energy efficiency than
the existing beamspace MIMO for mmWave communications.

I. INTRODUCTION

Millimeter-wave  (mmWave) massive  multiple-input
multiple-output (MIMO) is able to significantly improve the
data rate in future 5G communication systems [1]. However,
it is a big challenge to realize mmWave massive MIMO
in practice due to high transceiver complexity and energy
consumption caused by a large number of radio-frequency
(RF) chains [2]. The recent concept of beamspace MIMO
can significantly reduce the number of RF chains by using
a lens antenna array. Nevertheless, a fundamental limit of
beamspace MIMO is that, each RF chain can only support a
single user using the same time-frequency resources, hence
the maximum number of users that can be supported cannot
exceed the number of RF chains [3]-[5].

In this paper, we break this fundamental limit by propos-
ing a spectrum- and energy-efficient mmWave transmission
scheme that integrates beamspace MIMO with non-orthogonal
multiple access (NOMA), i.e., beamspace MIMO-NOMA'.
Specifically, NOMA performs superposition coding at the
transmitter and successive interference cancellation (SIC) at
the receiver to realize non-orthogonal multiplexing [6]-[8]. By

I'Simulation codes are provided to reproduce the results presented in this
paper: http://oa.ee.tsinghua.edu.cn/dailinglong/publications/publications.html.

integrating NOMA into beamspace MIMO, where the intra-
beam superposition coding is performed, more than one user
can be simultaneously supported by a single beam, which is
more efficient than beamspace MIMO using a single beam
to serve a single user. Thus, the number of supported users
can be higher than the number of beams. To reduce the inter-
beam interference, the equivalent channel vector of each beam
is determined to realize the transmit precoding (TPC) based
on the principle of zero-forcing (ZF). Furthermore, a dynamic
power allocation scheme is proposed for jointly optimizing
the power assigned to different users by maximizing the
achievable sum rate, and an iterative optimization algorithm is
developed for power allocation. Our simulation results show
that the proposed beamspace MIMO-NOMA achieves a higher
spectrum and energy efficiency than conventional beamspace
MIMO for mmWave communications.

The rest of this paper is organized as follows. The system
model of beamspace MIMO is introduced in Section II,
and Section III discusses the proposed beamspace MIMO-
NOMA. Simulation results are provided in Section IV. Finally,
conclusions are drawn in Section V.

II. SYSTEM MODEL OF BEAMSPACE MIMO

We consider a single-cell downlink mmWave communica-
tion system, where the base station (BS) is equipped with a
lens antenna array having N antennas as well as Nrrp RF
chains, and K single-antenna users are simultaneously served
by the BS [4] [5]. By employing a lens antenna array in
beamspace MIMO, the spatial channel can be transformed to
the beamspace channel [4].

Specifically, the mathematical function of the lens antenna
array is to realize the spatial discrete Fourier transformation
with the aid of the N x N transform matrix U [5], which
contains the array’s steering vectors of N directions covering
the entire space as follows:

U=[a(@).a(@),a(@x)]" (1)

where 6, = % (nf %)
predefined spatial directions.

for n = 1,2,---, N are the
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Then, the received signal vector ¥ in the downlink can be
represented as

vy = HIUfWPs +v = H'WPs + v, 2)

where s = [s1,82," - ,sK]T is the K-element transmitted
signal vector for all K users with a normalized power of
E (ss”) = I, P = diag{p} includes the transmitted power

of all K users with p = [‘ /P1s /D25 ,./pK] satisfying

K
> pr < P (the maximum transmitted power at the BS),
k=1
W = [wy, W, -, Wgk] is the (N x K)-element TPC matrix

with [|wg||, = 1fork =1,2,--- , K, and v is the noise vector
obeying the complex Gaussian distribution CN (0,0%1).
H = [hy,hy, - hg] of size (N x K) is the channel matrix,
where hy, of size (N x 1) denotes the spatial channel vector
between the BS and the kth user.

In this paper, we consider the widely used Saleh-Valenzuela
channel model for mmWave communications [3]—[5], hence
h; can be represented as

Pa (017) + 3 4 (o). )
=1

where 6,&0)51(9,({0)) is the line-of-sight (LoS) component of the
kth user with ﬂ,go) being the complex-valued gain and a(@,(co))
being the array’s steering vector. Furthermore, B(l) (0 (l)) for
1 <1 < L is the [th non-line-of-sight (NLoS) component of
the kth user, where L is the total number of NLoS components.

Finally, the beamspace channel matrix H is defined as
H=UH= ,Uhg]= Jhg], @

where h;, = Uhy,, is the beamspace channel vector between
the BS and the kth user, which is actually the Fourier trans-
formation of the spatial channel vector hy in (3).

It has been shown for mmWave communications that the
number of dominant elements of each beamspace channel
vector hj is much smaller than N, since the number of
dominant scatters is limited [5]. In this case, the beamspace
channel matrix H has a sparse nature [4], which can be ex-
ploited for reducing the number of RF chains without obvious
performance loss by beam selection. Specifically, according
to the sparse beamspace channel matrix, only a small number
of beams can be selected for simultaneously serving K users.
Then, the received signal vector in (2) can be rewritten as

[Uhy, Uhy, - - [hy,hy, -

y = HIW,Ps + v, (5)

where H, = H(i,:), - of size (|I'| x K) is the dimension-
reduced beamspace channel matrix including the selected
beams, and I is the index set of selected beams. Furthermore,
W.,. of size (|T'| x K) is the dimension-reduced TPC matrix.
Since the row dimension of W,. is much smaller than /N, the
number of required RF chains can be significantly reduced,
and we have Nrr = |T'| [5].

However, a single beam can only support a single user in
existing beamspace MIMO systems [3]-[5], otherwise signal

for different users cannot be separated by linear operations,
which is a fundamental limit of beamspace MIMO. Note that
linear operations have been considered in almost all of massive
MIMO systems due to high complexity caused by non-linear
operations. To break this limit, in the next section we propose
a new transmission scheme called beamspace MIMO-NOMA
that integrates NOMA with beamspace MIMO for mmWave
communications.

III. PROPOSED BEAMSPACE MIMO-NOMA

In this section, the basic principle of the proposed
beamspace MIMO-NOMA will be introduced at first. Then,
the corresponding TPC scheme and the dynamic power allo-
cation scheme will be discussed, separately.

A. The basic principle of beamspace MIMO-NOMA

In the proposed beamspace MIMO-NOMA system, beam
selection algorithms, such as the maximum magnitude (MM)
selection and signal-to-interference-plus-noise ratio (SINR)
maximization based selection [5] for the existing beamspace
MIMO, can be used for selecting one beam for each user,
where each RF chain corresponds to a single beam. Note
that different users may select the same beam, which are
termed as “interfering users” in this paper. In contrast to the
existing beamspace MIMO systems, where user scheduling
is performed to select only one user out of these interfering
users [5], they can be simultaneously served within the same
beam in the proposed beamspace MIMO-NOMA system.
Thus, although the number of selected beams is equal to
NRgr, the number of users K can be higher than Ny, i.e.,
K > Ngyp.

Let S, forn = 1,2,---
served by the nth beam with S; N 5

, Nrr denote the set of users
= & fori # j

and Z |Sn] = K. The beamspace channel vector with

NRrF elements between the BS and the mth user in the nth
beam after beam selection is denoted by h,, ,,, and w,, of
size (Ngrr x 1) denotes the uniform TPC vector invoked for
users in the nth beam. Without loss of generality, we assume
that [|hf w, |, > [|h wa, > - > th ‘nwnH2 for
n =1,2,---, Ngr. Then, in the nth beam using NOMA with
SIC, the ith (z > m) user’s signal is detectable at the mth user,
provided that it is detectable at itself [6]. Therefore, the mth
user can detect the ith user’s signals for 1 < m < i < |S,|,
and then remodulate and remove the detected signals from
its received signals, in a successive manner [6]. Then, the
remaining signal received at the mth user in the nth beam
can be written as

m—1
Qm,n :hg,nwn\/pm,nsm,n + hg,nwn Z VPinSin
i=1
1541 ©

+ hg,n Z Z Win/Di jSi5 T Vm,n,

j#n i=1



where s,,, , and p,, ,, are the transmitted signal and the power
transmitted to the mth user in the nth beam, while v,,, ,, is the
noise obeying the complex Gaussian distribution CA/ (07 02).

Then, according to (6), the SINR at the mth user in the nth
beam can be represented as

_ Bf el P

TYmn = o s (N
where we have
m—1 1S5
gm,n - th,nwnnz Z pi,n"'z thanwjnz Zpivj +02'
i=1 J#n i=1 ®

As a result, the achievable rate of the mth user in the nth
beam is

Rm,n = 10g2 (1 + 'Ym,n) . (9)

Finally, the achievable sum rate of the proposed beamspace
MIMO-NOMA system is

Ngr [Snl

Rsuln = Z Z Rm,na

n=1m=1

(10)

which can be improved by carefully designing the precoding
{wn}gi‘f and power allocation {pm,n}‘jﬂ{ﬁfp which will
be introduced in the next two subsections, separately.

B. Precoding Design

To reduce the inter-beam interference, TPC should be
carefully designed. In existing beamspace MIMO systems,
where only a single user can be served in each beam (i.e.,
K < Ngrp), the low-complexity linear ZF TPC can be
utilized for removing the inter-beam interference [4] [5], which
can be simply realized by applying the pseudo-inverse of
the beamspace channel matrix to all users. However, in the
proposed beamspace MIMO-NOMA system, the number of
users is higher than the number of beams, i.e., K > Ngp,
which means that the pseudo-inverse of the beamspace channel
matrix of size (Ngrr X K) does not exist. As a result, the
conventional ZF precoding cannot be directly used.

To address this problem, an equivalent channel can be
derived for each beam for generating the TPC vector. Specif-
ically, since the LoS component is dominant in the mmWave
channel and the beamspace channel matrix has a sparse
structure representing the directions of different users [5], the
beamspace channel vectors of different users in the same beam
are highly correlated. Hence, one of the beamspace channel
vectors of users multiplexed in the nth beam can be regarded
as the equivalent channel vector of the nth beam, and this
user will not suffer from substantial inter-beam interference.
More particularly, leaning in mind that the first user in each
beam should perform SIC to decode all the other users’
signals in this beam, we use the beamspace channel vector
of the first user in each beam as the equivalent channel
vector. Specifically, the equivalent channel matrix of size
(Nrp X Ngrp) for all Ngp beams can be written as

H= [h1,17h1,27"' 7h1,NRF]~ (11)

Then, the TPC matrix of size (Ngrr X Nrr) can be generated
by

W = [Wi, W,

Nt~ N
W] = (H) - H(HHH) . (12)
After normalizing the TPC vectors, the precoding vector for
the nth beam (n = 1,2,--- , Ngr) can be written as

Wn

(13)

W, = —— .
" Wl

C. Dynamic Power Allocation

After obtaining the TPC vectors in (13), the power allo-
cation should be optimized. Similar to the existing MIMO-
NOMA systems [7] [8], both the inter-beam interference and
intra-beam interference should be reduced to improve the
achievable sum rate. However, in contrast to the existing
MIMO-NOMA systems, where fixed inter-beam power allo-
cation and only two users per beam are usually considered,
multiple users (e.g., 1, 2, or 3 users) are allowed in each
beam in the proposed beamspace MIMO-NOMA system.
Accordingly, the dynamic power allocation is proposed for
maximizing the achievable sum rate by solving the joint power
optimization problem, which includes both the intra-beam
power optimization and the inter-beam power optimization.
Specifically, the power allocation problem can be formulated
as

Ngrr |Snl
max Y > Ry,
{pm.n} n=1m=1
s.t. Cf : >0, Vn,m
1 pm,n - U, ) 9 (14)
Ngrr |Snl
G 3> pun <P
n=1m=1

CS : Rm,n 2 Rmin7 Vn,m7

where R, , is the achievable rate of the mth user in the
nth beam, as defined in (9). Furthermore, the constraint
C; indicates that the power allocated to each user must be
positive, Cy is the transmit power constraint with P being
the maximum total power transmitted by the BS, and Cj is
the data rate constraint for each user with R,,;, being the
minimum data rate of each user. By substituting (7)-(9) into
the constraint C5 in (14), we have

m—1
||hf£7nwn|’§pm,n —n thmwnnz Z Pin
1551 - 15)
2
- Z ||h7[i,nij2 sz',j > w,
J#n i=1

where 7 = 2fmin — 1 and w = no?. In this way, the non-linear
constraint C3 has been transformed into a linear constraint.
Then, the optimization problem (14) can be rewritten as

Ngrr |Snl

> logy (1+Ymm), st Ci, Ca, (15). (16)

n=1m=1

max

{p'm n }



We can see from (16) that all constraints are linear inequality
constraints, while the objective function is non-convex. There-
fore, this optimization problem is NP-hard, and it remains
an open challenge to obtain the closed-form solution of the
optimal power allocation problem (16).

To solve this difficult non-convex problem (16), we propose
an iterative optimization algorithm for carrying out the power
allocation. Specifically, according to the extension of the
Sherman-Morrison-Woodbury formula [9], we have

(1 + Ym, n)

-1
=1- ||hm anH Pm.n (Hhm anHEPm,n + fm,n) ’
a7)

-1

where n =1,2,--- | Ngp and m =1,2,--- | |S,|.

We can find that the expression (17) has the same form
as the MMSE. Specifically, if MMSE detection is used for
detecting s, ,, from ¢, ,, in (6), it can be formulated as

Conn = AT MIN €y, (18)

Cm,n

where

emn =B {|sm,n - 2} (19)

is the mean square error (MSE), ¢, ,, is the channel equaliza-
tion coefficient, and c;’n}n is the optimal value of ¢, ,, required
for minimizing the MSE. Substituting (6) into (19), we have

- Cm,n\/pm,nh
m—1
2
,nwn||2 Z pi,n
i=1

, ) 1551
+ |cm”ﬂ| Z th,nWJHQ sz,]
J#n i=1

Then, by solving (18) based on (20), the optimal equalization
coefficient ¢¢ .. can be calculated by

2 2

H 2
n =L mnWn|

+lemal” i (20)

m,n

9 -1
m n (\/ pm nhm n ) (pm,n Hhﬁmwn ||2 +£7n,n>
(21)
Substituting (21) into (20), we obtain the MMSE as

-1
¢ = 1= |18 a3 Do (12 W[5 P + En)
(22)
which is equal to (1 4 7,,,,)"  in (17). Then, the achievable
rate of the mth user in the nth beam can be written as

Ryn =108 (1 +9m,n) = max (=logsemn) - (23)
To remove the log function in (23), we introduce the
following proposition [9].
Proposition I: Let f(a) = —2% + logya + 5 and a be
a positive real number. Then we have max f(a) = —logyb,
a>

where the optimal value of a is a® = %.

Using Proposition 1, (23) can be rewritten as

Ry, , =max max
Cm,n Qm,n>0

am,nem,n 1
(m“"gﬂmmﬂng) - e

As a result, the objective function of the optimization problem
(16) has been transformed into a quadratic programming
function, and (16) can be reformulated as

Ngr |Snl

max », ». max max (—
{pmn}n 1 m=1 ¢m,n Gm, n>0

s.t. Cl, CQ, (15)

G, n€m,n

Lt 108y am,n + g ),
(25)

To solve the reformulated optimization problem (25), we
propose to iteratively optimize {¢y.pn}s {@m.n}, and {pm.n}-
Specifically, given the optimal power allocation solution
{p(f 1)} in the (¢ — 1)th iteration, the optimal solution of
{c$,3n} in the tth iteration can be obtained according to (21).
The corresponding MMSE {e?,gf%} can be obtained according
to (22), and then the optimal solution of {ag)n} in the tth

iteration can be obtained by a,(ﬁ),n = O}t)

After obtaining the optimal {c n} and {a nt in the
tth iteration, the optimal {p,,fl)n} in the tth iteration can be
obtained by solving the following problem:

Nrp |Snl
min Z as;?,negz),n; s.t. Cp, Oy, (15>

{p£§{71} n=1m=1

(26)

Then, the convex optimization problem (26) can be solved
according to the Karush-Kuhn-Tucker (KKT) [8] conditions.

IV. SIMULATION RESULTS

In this section, we provide simulation results for verifying
the performance of the proposed beamspace MIMO-NOMA.
Specifically, we consider a typical downlink mmWave massive
MIMO system, where the BS is equipped with N = 256
antennas and communicates with K = 32 users. One LoS
component and L = 2 NLoS components are assumed for all
users’ channels. We consider the channel parameters of user
k as follows: 1) B\ ~ cN (0,1), B ~ €N (0,107 for
1<I<L;2) 9,&0) and 9 for 1 <[ < L obey the uniform
distribution within [75, 5] The signal-to-noise ratio (SNR)
is defined as Ezb in this paper.

In the 51mulat10ns, we consider the following four typical
mmWave massive MIMO schemes for comparison: 1) “Fully
digital MIMO”, where each antenna is connected to one RF
chain, i.e., Ngrp = N; 2) “Beamspace MIMO” [5], where each
beam only supports a single user with Ngr = K; 3) “MIMO-
OMA” [8] with K > Nrp, where OMA is performed for
the interfering users, and users in the same beam are allocated
with orthogonal frequency resources; 4) “Proposed beamspace
MIMO-NOMA” with K > Ngp, which integrates NOMA into
beamspace MIMO, and different users share the same time-
frequency resources. Particularly, ZF precoding is considered
in the fully digital MIMO and beamspace MIMO.

In this paper, the spectrum efficiency is defined as the
achievable sum rate (10), and the energy-efficiency ¢ is defined
as the ratio between the achievable sum rate R, and the total
power consumption [10], i.e.,

Rsum
e = bps/Hz/W), (27
P+NRFPRF+NRFPsw+PBB(p/ /W), @7
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where P is the maximum transmitted power, Prr is the power
consumed by each RF chain, Pgyy is the power consumption of
the beam switch, and Ppp is the baseband power consumption.
Specifically, we adopt the typical values of P = 32 mW,
PRF =300 Il’lw, PSW =5 mW, and PBB = 200 mW [10]

Fig. 1 shows the spectrum efficiency against SNR, where the
number of iterations required for solving the power allocation
optimization problem is set to 10 (We have verified through
simulations that the spectrum efficiency tends to a constant
after 10 iterations). We find that the proposed beamspace
MIMO-NOMA achieves a higher spectrum efficiency than
beamspace MIMO [5] as well as MIMO-OMA [8]. Quanti-
tatively, the proposed beamspace MIMO-NOMA has about 3
dB SNR gain over beamspace MIMO, which benefits from
the employment of NOMA to serve multiple users in each
beam. Additionally, the proposed beamspace MIMO-NOMA
also outperforms MIMO-OMA, since NOMA can achieve a
higher spectrum efficiency than that of OMA [6].

Fig. 2 shows the energy efficiency against SNR. We find
that the proposed beamspace MIMO-NOMA achieves a higher
energy efficiency than the other three schemes. Particularly, the
proposed beamspace MIMO-NOMA has about 4 dB SNR gain

over beamspace MIMO, which benefits from the employment
of NOMA to serve multiple users in each beam. Additionally,
the proposed beamspace MIMO-NOMA achieves a higher
energy efficiency than the fully digital MIMO, where the
number of RF chains is equal to the number of BS antennas.
By contrast, the number of RF chains is lower than the number
of antennas in the proposed beamspace MIMO-NOMA.

V. CONCLUSIONS

In this paper, we have proposed a new mmWave trans-
mission scheme called beamspace MIMO-NOMA to integrate
beamspace MIMO and NOMA in order to break the funda-
mental limit of beamspace MIMO, where more than one user
can be served in each beam using the same time-frequency re-
sources. To mitigate the inter-beam interference, the equivalent
channel vector was determined for each beam for ZF-based
TPC. Furthermore, we proposed to jointly optimize the power
allocation of all users by maximizing the achievable sum rate,
and an iterative optimization algorithm has been developed
for power allocation. Our simulation results have shown that
the proposed beamspace MIMO-NOMA achieves better per-
formance than beamspace MIMO in terms of spectrum and
energy efficiency.
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