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Massive Multiple-Input Multiple-Output (MIMO) is one of the key techniques in 5th generation wireless systems (5G) due to
its potential ability to improve spectral efficiency. Most of the existing works on massive MIMO only consider Time Division
Duplex (TDD) operation that relies on channel reciprocity between uplink and downlink channels. For Frequency Division Duplex
(FDD) systems, with continued efforts, some downlinkmultiuserMIMO schemewas recently proposed in order to enable “massive
MIMO” gains and simplified system operations with limited number of radio frequency (RF) chains in FDD system. However these
schemes, such as Joint Spatial Division and Multiplexing (JSDM) scheme and hybrid precoding scheme, only focus on multiuser
transmission in spatial domain. Different frommost of the existing works, this paper proposes Joint Spatial and PowerMultiplexing
(JSPM) scheme in FDD systems. It extends existing FDD schemes from spatial division andmultiplexing to joint spatial and power
domain to achieve more multiplexing gain. The user grouping and scheduling scheme of JSPM is studied and the asymptotic
expression for the sum capacity is derived as well. Finally, simulations are conducted to illustrate the effectiveness of the proposed
scheme.

1. Introduction

With increasing popularity of smart phones, pads, and
tablet computers, mobile data traffic is experiencing unprece-
dented growth. Mobile broadband networks need to support
explosively growing consumer data rate demands and need
to tackle the exponential increase in the predicted traffic
volumes. An efficient radio access technology combined with
higher spectrum efficiency is essential to achieve the growing
demands faced by wireless carriers. Massive MIMO is one
of the core technologies expected to be adopted by the
next generations of wireless communication systems. With
massiveMIMO, plenty of user equipment (UE) can be served
simultaneously by the system with the antenna array of a few
hundred antennas on the same time-frequency resource [1, 2].

Massive MIMO relies on spatial multiplexing to make
advantages over conventional passive antenna system, which
needs the base station (BS) to have accurate channel knowl-
edge on both the uplink and the downlink. On the uplink, it is
easy to accomplish this by letting theUE send pilots, based on

which BS estimates the channel responses to the UE. On the
downlink, in conventionalMIMOsystems such as LongTerm
Evolution (LTE) system, BS sends cell reference signals (CRS)
or/and Channel State Information Reference Signals (CSI-
RS), based on which UE estimates the channel responses,
quantizes the obtained channel estimates, and feeds them
back to the BS. Since the amount of time-frequency resources
needed for downlink reference signals is proportional to the
number of antennas and the amount of uplink channel state
information (CSI) feedback resources is proportional to the
number of active users, a massive MIMO systemmay require
up to tens of times more resources than a conventional
system. Due to this, the massive MIMO is more likely to be
applied in TDD systems which rely on reciprocity between
the uplink and downlink channels [3–5].

On the other hand, considerable effort has been ded-
icated to study the implementation of massive MIMO in
FDD systems with various practical constraints, including
nonideal CSI at the transmitter [6], the overhead incurred
by downlink channel probing, and CSI feedback [7, 8]. Joint
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Spatial Division and Multiplexing (JSDM) was proposed in
[9–11] to enable massive MIMO gains for FDD systems.
Meanwhile, as large bandwidth is available atmillimeter wave
(mmWave) frequencies to provide gigabit-per-second data
rates, the hybrid analog/digital processing strategies were
proposed in [12–15] for mmWave systems with large antenna
arrays.

The downlink beamforming of both JSDM and hybrid
precoding scheme includes two stages, that is, a prebeam-
forming stage that depends on UE’s channel covariance and a
MU-MIMO precoding stage for the effective channel formed
by the first stage. The prebeamforming matrix is chosen in
order to minimize the interference across different spatial
groups, and the MU-MIMO precoding matrix takes care of
the multiuser interference within each group.

Both of these beamforming stages achieve multiplexing
gain in spatial domain. It is well-known that the maximum
spatial multiplexing gain is limited by the number of trans-
mitting and receiving antennas in massive MIMO systems
[16]. Thus, more multiplexing gain is achieved in the first
prebeamforming stage; the less multiplexing gain is achieved
in the second MU-MIMO stage. In order to achieve more
multiplexing gain in theMU-MIMOstage, the power domain
is introduced in spatial multiplexing transmission scheme
and the joint spatial and power multiplexing (JSPM) scheme
for massive MIMO system is proposed in this paper. The
proposed scheme not only relaxes the full channel knowledge
to achieve the spatial multiplexing gain by using the channel
second order statistics, but also applies multiuser power
allocation transmission at BS side and successive interference
canceller (SIC) on UE side to achieve the power-domain
user multiplexing gain. The performance of the proposed
JSPM scheme is illustrated by simulations and compared
with that of JSDM. The results show that even with the fixed
spatial quantization and simplified transmit power allocation
grouping scheme, the proposed scheme outperforms JSDM
because of the additional power-domain multiplexing gain.

The remainder of this paper is organized as follows:
Section 2 describes the overall system model and the key
functionalities utilized to introduce JSPM. The asymptotic
expression of JSPM is derived. Section 3 discusses the scheme
of the user spatial grouping and multiuser power-domain
paring. Furthermore the computational complexity of JSPM
scheme is discussed. In Section 4, the system-level simulation
configuration is described and the results of the system-level
performance of JSPM in comparison to JSDM are provided.
Finally, Section 5 concludes the paper.

2. System Model

In this section, we consider the downlink communication of
a massiveMIMO system as shown in Figure 1, where the base
station (BS) is equipped with 𝑁

𝑡
transmit antennas under

the total transmit power constraint of 𝑃 and serving𝑈 signal
antenna UE.

We assume that H = [h
1
, . . . , h

𝑢
, . . . , h

𝑈
] is the 𝑁

𝑡
× 𝑈

dimensional matrix that represents the channel between the
BS and UE, h

𝑢
is the𝑁t × 1 dimensional channel realization

between the BS and user 𝑢.
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Figure 1: A massive MIMO BS to serve randomly located UE.

The system received signal is denoted as

y = H𝐻x + n, (1)

where y denotes the collection of received symbols for all the
𝑈 users, x = Td is the transmitted signal vector of dimensions
𝑁
𝑡
× 1, T = BVP is the downlink beamforming matrix

consisting of three parts: B is the prebeamforming matrix
of dimensions 𝑁

𝑡
× 𝑁
𝐵
, which is generated based on the

channel covariance statistics; V is the 𝑁
𝐵
× 𝑁
𝑀

multiuser
MIMO precoding matrix which is a function of the reduced
dimensional effective channel H = B𝐻H; P is the power-
domain multiplexing matrix of dimensions 𝑁

𝑀
× 𝑁
𝑆
; d

denotes the 𝑆 × 1 vector of transmitted user data symbols.
n ∼ 𝐶𝑁(0, I

𝑈𝑘
) denotes additive spatially and temporally

white Gaussian noise with zero mean and unit variance. As a
result, the received signal in (1) can bewritten in the following
manner:

y = H𝐻BVPd + n = H𝐻VPd + n, (2)

where prebeamforming matrix B makes the channel H
become different approximately mutually orthogonal sub-
spaces H based on channel statistical characteristic, UE can
be partitioned into these subspaces to form several disjoint
user groups.

If we define𝑈 users can be partitioned into 𝐺 groups; the
overall𝑁

𝑡
×𝑈 system channel matrixH = [H1 ⋅ ⋅ ⋅ H𝐺]; H𝑔

is the𝑁
𝑡
×𝑈
𝑔 channel matrix of users in group 𝑔,∑𝐺

𝑔=1
𝑈
𝑔
=

𝑈. PrebeamformingmatrixB = [B1 ⋅ ⋅ ⋅ B𝐺];B𝑔 denotes the
𝑁
𝑡
× 𝑈
𝑔 prebeaming matrix of group 𝑔, ∑𝐺

𝑔=1
𝑈
𝑔
= 𝑈.

Then we have

H = H𝐻B =(

(H1)
𝐻

B1 . . . (H1)
𝐻

B𝐺

.

.

. d
.
.
.

(H𝐺)
𝐻

B1 ⋅ ⋅ ⋅ (H𝐺)
𝐻

B𝐺

), (3)
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the received signal for users in group 𝑔,

y𝑔 = (H𝑔)𝐻 B𝑔V𝑔P𝑔d𝑔 +
𝐺

∑

𝑔

=1,𝑔

̸=𝑔

(H𝑔)𝐻 B𝑖V𝑖P𝑖d𝑖

+ n𝑔.

(4)

Based on [11], H𝑔 = U𝑔(Λ𝑔)1/2w𝑔. Then we can make
the effective channel matrixH become an approximate block
diagonal matrix by designing B𝑔 = U𝑔, then (H𝑔)𝐻B𝑖 ≈ 0
where 𝑔, 𝑔 ∈ {1, . . . , 𝐺} and 𝑔 ̸= 𝑔

. Furthermore, the y𝑔 in
(4) can be expressed as

y𝑔 ≈ H𝑔V𝑔P𝑔d𝑔 + n𝑔 = w𝑔 (Λ𝑔)1/2 V𝑔P𝑔d𝑔 + n𝑔, (5)

where V𝑔 and P𝑔 are the multiuser MIMO precoding matrix
and the power-domain multiplexing matrix of user cluster
𝑔, respectively, d𝑔 is the transmitted signal of cluster 𝑔, and
n𝑔 ∼ 𝐶𝑁(0, I𝑔). From (5), we can derive that V is the block
diagonal matrix, V = diag(V1, . . . ,V𝐺).

The number of downlink data streams of group 𝑔 is
denoted as 𝑟𝑔 which is the effective rank of R𝑔, and MU-
MIMO precoding matrix in group 𝑔 is simply the identity
matrix; that is, V𝑔 = I𝑟

𝑔

. In order to allocate the downlink
data streams to the users, we select 𝑟𝑔 out of users in 𝑈𝑔,
which is the number of users in group 𝑔, according to a max
SINR criterion as follows:

SINR𝑔
𝑢,𝑚

=


(ℎ
𝑔

𝑢
)
𝐻

(𝑏
𝑔

𝑚
)


2

1/𝜌 + ∑
𝑛 ̸=𝑚


(ℎ
𝑔

𝑢)
𝐻

(𝑏
𝑔

𝑛 )


2

+ ∑
𝑔 ̸=𝑔



(ℎ
𝑔

𝑢)
𝐻

(𝐵𝑔


)


2
,

(6)

where 𝑚 = 1, . . . , 𝑟𝑔, 𝑏𝑔
𝑚
,𝑏𝑔
𝑛
is the 𝑚th and 𝑛th column of B𝑔,

ℎ
𝑔

𝑢
is the channel response vector of user 𝑢 in spatial group 𝑔,

and 𝜌 = 𝑃/∑𝐺
𝑔=1
𝑟
𝑔.

Each user feeds its SINR values and 𝑚th beam index
corresponding to this SINR back. BS can then identify each
type of UE by a set of indices {𝑢, 𝑔,𝑚}where indices {𝑢, 𝑔,𝑚}
are the user index, spatial groupnumberwhich user𝑢 belongs
to, and beam index corresponding to SINR𝑔

𝑢,𝑚
, respectively.

In addition to these indices, a new index, introduced in
JSPM to identify UEs, is the power-domain group index,
which can be decided based on RSRP value of UE feedback
and the predefined thresholds. For example, we can predefine
several intervals of RSRP as different power groups; if a UE
feedback RSRP value is in 𝑑th RSRP interval, the UE is
considered to belong to power group 𝑑.

For UE with a different power group index 𝑑 and the
same beam index𝑚, UE can be paired to use power-domain
multiplexing; the presentation is

s𝑔 = P𝑔d𝑔, (7)

where s𝑔 = [s𝑔
1
, . . . , s𝑔

𝑟
𝑔] is 𝑟𝑔 transmission data streams.

P𝑔 with dimensions 𝑟𝑔 × 𝑈𝑔 is power-domain multiplexing
matrix to multiplex 𝑈𝑔 user data into 𝑟𝑔 data stream. d𝑔 =
[d𝑔
1
, . . . , d𝑔

𝑈
𝑔] is the data vector of 𝑈𝑔 users in group 𝑔.

There are two criteria of power-domain multiuser sched-
uler as follows.

The first is the fact that multiplexing candidate users will
be selected from UE set with the same spatial group index 𝑔
and beam index 𝑚, but with different power-domain group
index. For example, if user 𝑢 and user 𝑢 are two selected
users tomultiuser transmission in power domain, theywill be
allocated in different power groups, such as user 𝑢 ∈ 𝑈𝑔

𝑚,𝑑


and user 𝑢 ∈ 𝑈𝑔
𝑚,𝑑𝑖

; variables 𝑑 and 𝑑 are different power
group indices; 𝑈𝑔

𝑚
is the user set of spatial group 𝑔 and beam

𝑚.
The second is the multiplexing candidate user that will

maximize the PF scheduling metric as follows:

𝑄
𝑈
𝑔

𝑚
= ∑

𝑢∈𝑈
𝑔

𝑚

(
𝑅 (𝑢)

𝑅 (𝑢)

) , (8)

where 𝑄
𝑈
𝑔

𝑚
denotes the PF scheduling metric for power-

domain multiplexing candidate user set 𝑈𝑔
𝑚
; 𝑅(𝑢) is the

instantaneous throughput of user 𝑢; 𝑅(𝑢) is the average
throughput of user 𝑢.

We assume that the SIC receiver of user 𝑢 is able to cancel
perfectly and successively the interference from other user
𝑤 with channel gain 𝑃𝑔

𝑢
 |(ℎ
𝑔

𝑢
)
𝐻
(𝑏
𝑔

𝑚
)|
2
> 𝑃
𝑔

𝑢
|(ℎ
𝑔

𝑢
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𝑔

𝑚
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𝑈
𝑔

𝑚,𝑑
, and 𝑢 ∈ 𝑈𝑔

𝑚,𝑢
 . Then SINR of user 𝑢 can be estimated

by

SINR𝑔
𝑢,𝑚,𝑑

=

𝑃
𝑔

𝑢
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𝑔

𝑢
)
𝐻
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𝑔

𝑚
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2

𝐼
𝑔

𝑢

,𝑚,𝑑
 + 𝑃
𝑔

𝑢 (∑𝑛 ̸=𝑚


(ℎ
𝑔

𝑢)
𝐻

(𝑏
𝑔

𝑛 )


2

+ ∑
𝑔 ̸=𝑔



(ℎ
𝑔

𝑢)
𝐻

(𝐵𝑔


)


2

) + 1

,

(9)

where

𝐼
𝑔

𝑢

,𝑚,𝑑


= ∑

𝑃
𝑔

𝑢

|(ℎ
𝑔

𝑢

)
𝐻
(𝑏
𝑔

𝑚)|
2
≤𝑃
𝑔

𝑢 |(ℎ
𝑔

𝑢)
𝐻
(𝑏
𝑔

𝑚)|
2
,𝑢

̸=𝑢

𝑃
𝑔

𝑢



(ℎ
𝑔

𝑢
)
𝐻

(𝑏
𝑔

𝑚
)


2 (10)

and 𝑢 ∈ 𝑈𝑔
𝑚,𝑑

, 𝑢 ∈ 𝑈𝑔
𝑚,𝑑
 , and 𝑢, 𝑢 ∈ 𝑈𝑔𝑚 and 𝑃𝑔

𝑢,𝑑
is the

allocated power of user 𝑢 in spatial group 𝑔.
If we assume 𝑙𝑔

𝑚
is the power-domain multiplexing user

number in user set𝑈𝑔
𝑚
, 𝑙𝑔
𝑚
is less than or equal to the number

of power-domain groups. In the derivation of an asymptotic
expression, 𝑙𝑔

𝑚
is assumed to be equal to the number of power-

domain group.Thedata streamnumber of spatial group𝑔 can
be expressed as 𝐿𝑔 = ∑𝑟

𝑔

𝑚=1
𝑙
𝑔

𝑚
.

With this user selection and data stream multiplexing
scheme, the sum rate of group 𝑔 is given by

𝑅
𝑔
=

𝑟
𝑔

∑

𝑚=1

𝑙
𝑔

𝑚

∑

𝑑=1

𝐸 [log(1 + max
1≤𝑢≤𝑈

𝑔
SINR𝑔
𝑢,𝑚,𝑑

)] . (11)

The CDF of SINR𝑔
𝑢,𝑚,𝑑

is given by

𝐹 (𝑋) = 1 − 𝑃 (SINR𝑔
𝑢,𝑚,𝑑

> 𝑥) . (12)
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Using (9) into (12), we can write the SINR CDF as

𝐹 (𝑋) = 1 − 𝑃 (𝑍
𝑔

𝑢,𝑚,𝑑
> 0) , (13)

where

𝑍
𝑔

𝑢,𝑚,𝑑
=

(𝜔
𝑔

𝑢
)
𝐻

(Λ
𝑔
)
1/2

(𝑈
𝑔
)
𝐻

𝑏
𝑔

𝑚



2

− 𝑥[

[

1 + 𝐼
𝑔

𝑢

,𝑚,𝑑


𝑃
𝑔

𝑢
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𝑛 ̸=𝑚
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𝑔

𝑢
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𝐻

(Λ
𝑔
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(𝑈
𝑔
)
𝐻

𝑏
𝑔

𝑛



2

+ ∑

𝑔

̸=𝑔


(𝜔
𝑔

𝑢
)
𝐻

(Λ
𝑔
)
1/2

(𝑈
𝑔
)
𝐻

𝐵
𝑔


2

]

]

.

(14)

Then following the analysis of [11, 17],

𝐹 (𝑋) = 1 −
𝑒
−𝑥/𝛿𝑑𝜇

𝑔

𝑚,1
(𝑥)

∏
𝑟𝑔

𝑗=2
(1 − 𝜇

𝑔

𝑚,𝑗
(𝑥) /𝜇

𝑔

𝑚,1
(𝑥))

, (15)

where 𝜇𝑔
𝑚,𝑗
(𝑥), 𝑗 = 1, . . . , 𝑟

𝑔
are the eigenvalues of 𝐴𝑔

𝑚
(𝑥),

𝐴
𝑔

𝑚
(𝑥) = (Λ

𝑔
)
1/2

(𝑈
𝑔
)
𝐻

𝑏
𝑔

𝑚
(𝑏
𝑔

𝑚
)
𝐻

𝑈
𝑔
(Λ
𝑔
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1/2

− 𝑥(∑

𝑛 ̸=𝑚
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𝑔
)
1/2

(𝑈
𝑔
)
𝐻

𝑏
𝑔

𝑛
(𝑏
𝑔

𝑛
)
𝐻

𝑈
𝑔
(Λ

g
)
1/2

+ ∑

𝑔

̸=𝑔

(Λ
𝑔
)
1/2

(𝑈
𝑔
)
𝐻

𝐵
𝑔


(𝐵
𝑔


)

𝐻

𝑈
𝑔
(Λ
𝑔
)
1/2

) .

(16)

Without loss of generality, we assume the ordering

𝜇
𝑔

𝑚,1
(𝑥) ≥ ⋅ ⋅ ⋅ ≥ 𝜇

𝑔

𝑚,𝑟𝑔
(𝑥) ,

𝛿
𝑑
=

𝑃
𝑔

𝑢

1 + 𝐼
𝑔

𝑢

,𝑚,𝑑


.

(17)

The growth function of CDF 𝐹(𝑥) with corresponding PDF
𝑓(𝑥) is

𝑔 (𝑥) =
1 − 𝐹 (𝑥)

𝑓 (𝑥)
,

𝑔
∞
= lim
𝑥→∞

𝑔 (𝑥) = 𝛿
𝑑
(𝜇
𝑔

𝑚
)
∞

,

(18)

where (𝜇𝑔
𝑚,1
)
∞

= lim
𝑥→∞

𝜇
𝑔

𝑚,1
(𝑥) is a bound positive

constant [11].
Considering the ideal channel estimation and the fixed

power assignments to users, 𝐼𝑔
𝑤,𝑚,𝑑

→ 0, 𝛿
𝑑
→ 𝑃
𝑔

𝑑
.

Then we have
𝑙
𝑔

𝑚

∑

𝑑=1

𝑃
𝑔

𝑑
= 𝑃
𝑔
. (19)

With extreme value theory [11], we have that
max
1≤𝑢≤𝑈

𝑔SINR𝑔
𝑢,𝑚,𝑑

which behaves as 𝛿
𝑑
(𝜇
𝑔

𝑚,1
)
∞ log𝑈𝑔 +

𝑂(log log𝑈𝑔) for 𝑈𝑔 → ∞.

The sum rate asymptotic formula for a group 𝑔 is

𝑅
𝑔
=

𝑟
𝑔
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𝑙
𝑔

𝑚
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∞
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log (𝑃𝑔
𝑑
) +

𝑟
𝑔

∑

𝑚=1

𝑙
𝑔

𝑚
log log (𝑈𝑔)

+

𝑟
𝑔

∑

𝑚=1

𝑙
𝑔

𝑚
log (𝜇𝑔

𝑚,1
)
∞

+ 𝑜 (1)

(20)

as 𝑈𝑔 → ∞.
Summing over 𝑔, the sum rate asymptotic formula can be

written as

𝑅sum =
𝐺

∑

𝑔=1

𝑙
𝑔

𝑚

∑

𝑑=1

𝑟
𝑔 log (𝑃

𝑑
) +

𝐺

∑

𝑔=1

𝐿
𝑔 log log (𝑈𝑔)

+ 𝑂 (1) .

(21)

With finite 𝑁
𝑡
antennas, total transmit power constraint

of 𝑃, 𝑈𝑔 users, and 𝐿𝑔 data streams per group with the equal
transmission power and common covariance R𝑔 where users
have mutually statistically independent channel vectors, for
𝑈
𝑔
→ ∞, the sum capacity of a MU-MIMO downlink

system is given by

𝑅sum =
𝐺

∑

𝑔=1

𝐿
𝑔 [

[

log log (𝑈𝑔) + log( 𝑃

∑
𝐺

𝑔=1
𝐿𝑔
)]

]

+ 𝑂 (1) ,

(22)

where 𝑂(1) denotes a constant, independent of 𝑈𝑔.

3. Designs for JSPM in FDD

In the proposed JSPM scheme, the downlink transmission
strategy is designed in the following three parts:

(1) Based on cell environment and channel covariance
measurement, BS can split whole channel space into
several disjoint subspaces by using prebeamforming
matrix. Therefore based on CSI, SINR, and RSRP
values feedback from UE that estimates these values
based on the subspaces, BS can partition its serving
UE into several subspace groups with approximately
similar channel covariance eigenvectors and channel
path loss.The spatial and power-domain characters of
each type of UE can be identified by a set of indices;
that is, {UE index𝑢, spatial group index𝑔, beam index
𝑚, power group index 𝑑}.
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(2) For UE marked with different spatial group indices
or the same spatial group index but different beam
indices, MU-MIMO downlink transmission on the
same time-frequency resource is performed.

(3) For UE marked with the same spatial group index,
the same beam index, and different power group
indices, multiuser power pairing is performed. If user
pairing succeeds, the multiuser power allocation and
the power-domain usermultiplexing transmission are
performed.

Among the above, the user grouping and multiuser
selection in power-domain are two key issues for the system
performance; the following discussion will focus more on the
strategies of these two issues.

3.1. User Grouping. As mentioned before, in order to exploit
effectively the JSPM approach, the users’ population will be
partitioned into groups according to the following qualitative
principles: (1) users in the same group have channel covari-
ance eigenspace spanning (approximately) a given common
subspace, which characterizes the spatial group; BS can get
this information by UE CSI, SINR, and RSRP measurement
feedback; (2) the subspaces of spatial groups served on the
same time-frequency slot by JSDM must be (approximately)
mutually orthogonal or at least have empty intersection.

The fixed quantization algorithm of user grouping in [11]
is an effective and low complexity scheme for application
in practical network. In this algorithm, the group subspaces
are fixed a priori based on the geometry of cell coverage
and their channel scattering. In our proposed scheme, the
fixed quantization algorithm in [11] is extended to frequency
domain. When we increase the number of fixed quantization
spatial group to reduce coverage holes, the overlapping
between different spatial groups will also increase and cause
the strong interference of intergroups. In this case, we can
allocate transmission resource in different frequency bands
dynamically for UE that belongs to adjacent groups in order
to reduce the interference of intergroups.

By choosing 𝐺 AoAs 𝜃𝑔 and fixed ASΔ, we can define
the 𝐺 disjoint intervals [𝜃𝑔 − Δ, 𝜃𝑔 + Δ]. This method
consists essentially to form predefined “narrow sectors” and
associate users to sectors according to minimum chordal
distance quantization. For example, suppose 𝐺 = 3, choosing
𝜃
1
= −45

∘, 𝜃2 = 0
∘, and 𝜃3 = 45

∘, Δ = 15
∘, such as

BG1, BG2, and BG3 shown in Figure 1, we note that the
three subspaces are disjoint. However, as UE is distributed
uniformly and these three subspaces are discontinuous, some
UE cannot be associated with these subspaces exactly, such
as UE4 shown in Figure 1. If we define more dense subspace
such as 𝐺 = 5, there are five spatial groups, such as BG1,
BG2,. . ., BG5 shown in Figure 1, and different subspace will
be overlapping, the interference of inter-group will increase.
In this case, we can allocate UE that is in the adjacent
subspace to different frequency resources in order to reduce
the intergroup interference.

In Figure 1, there are five spatial groups, in order to avoid
intergroup interference, BS can separate BG1, BG2, and BG3

groups and BG4 and BG5 groups into different frequency
bands.

This scheme makes sense especially for mmWave mobile
systems which have huge frequency broadband to be used.

3.2. Multiuser Transmit Power Allocation and Candidate User
Selection. Due to power-domain multiuser multiplexing, the
transmit power allocation to one user affects the achievable
throughput of not only that user but also the throughput of
other pairing users. The best performance of power-domain
multiuser multiplexing is achieved by exhaustive full search
of user pairs and transmission power allocations [18].

In order to reduce further the computational complexity,
the scheme of predefined user grouping and pergroup fixed
power allocation can be used. With this approach, UE is
divided into different user groups according to their channel
path loss and the predefined thresholds. In this predefined
power-domain grouping, the users can be paired together
only if they belong to different power groups. With the
predefined power grouping, the power allocation could also
be simplified by applying fixed power assignments to the
users belonging to the same group. For example, for the
user group with good channel gain, small power (e.g., 0.3P)
is allocated and, for the user group with bad channel gain,
large power (e.g., 0.7P) is allocated, where the total power
assigned to different user groups is kept equal to P. Predefined
user grouping and fixed power allocation can effectively
decrease the amount of downlink signaling related toUE data
detection. For example, the order of successive interference
cancellation (SIC) and information on power assignment do
not need to be transmitted in every subframe but rather on a
larger time scale.

For example, as shown in Figure 2, there are two spatial
groups BG1 and BG2 and two power groups PG1 and PG2;
UE1 belongs to BG1 and PG1 and UE2 and UE3 belong to
BG1 and BG2, respectively, but both belong to PG2. As for
the aforementioned spatial and power-domain multiplexing
strategies, UE3 can be paired with UE1 and UE2 in the spatial
domain and be applied to MU-MIMO transmission. UE1
can be paired with UE2 in power domain as it belongs to
same spatial group but different power groups and it can be
applied to multiuser power multiplexing transmission. UE1
can perform SIC operation to cancel the interference from
UE2.

3.3. Computational Complexity Discussion. As multiuser
transmission of power domain introduced in JSPM will lead
to additional algorithm implementation complexity, we will
discuss the computational complexity of JSPM in comparison
with the exiting JSDM scheme in this section. The additional
implementation complexity of JSDM is composed of three
parts: the first part is multiuser selection and pairing in
power domain in BS side, the second part is multiplexing
transmission processing in power domain in BS side, and the
third part is SIC processing in UE side. The first two parts
increase the implementation complexity of BS side, and the
last part increases the complexity of UE side.

In order to simplify complexity analysis, we assume that
UE in power domain is separated into two groups, that is, cell
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Figure 2: Power-domain multiplexing BS-UE transceiver diagram.

Table 1: Computational complexity comparison.

Numbers of complex number
addition and multiplication JSDM JSPM with fix power

user paring algorithm
JSPM with power domain

greedy algorithm
Prebeamforming 𝐺 × 𝑂 (𝑁

𝑡

3
) + 𝐺 × 𝑈

𝑔
×𝑀
𝑔

𝐵
× 𝑁
𝑡

Multiuser precoding 𝐺 × 𝑂((𝑈
𝑔
)
3

) + 𝐺 × 𝑈
𝑔
× 𝑟
𝑔
×𝑀
𝑔

𝐵

Power domain user paring 𝑈
𝑔

𝑚,𝑑
× 𝑈
𝑔

𝑚,𝑑

× 𝐺 × 𝑂 ((𝑟

𝑔
)
2

) 𝐶
2

(𝑈
𝑔

𝑚,𝑑
+𝑈
𝑔

𝑚,𝑑

)
× 𝐺 × 𝑂((𝑟

𝑔
)
2

)

Power domain multiplexing 𝑈
𝑔
× 𝑟
𝑔
× 𝐺 𝑈

𝑔
× 𝑟
𝑔
× 𝐺

center user group and cell edge user group; numbers of the
two groups of UE are noted as 𝑈𝑔

𝑚,𝑑
and 𝑈𝑔

𝑚,𝑑
 respectively.

The computational complexity of JSPM and JSDM in BS side
is presented in Table 1.

FromTable 1, we can see that although the power-domain
multiplexing transmission of JSPM leads to computational
complexity increase, the added complexity accounts for
a small part of the overall JSPM complexity. The main
computational complexity comes from the singular value
decomposition (SVD) processing of channel matrix H =

[H1 ⋅ ⋅ ⋅ H𝐺] with 𝑂(𝑁
𝑡

3
) computational complexity in

multiuser beamforming procedure. Therefore the extra com-
plexity introduced by adopting JSPM has very limited impact
on the overall system implementation.

From computational complexity listed in Table 1, we can
see that the approach of predefined user grouping and per-
group fixed power allocation has more less computational
complexity, compared with greedy algorithm, with the cost
of little performance degradation which we will discuss in
Section 4.

For UE side, the detection complexity of cell center UE
will not change, the detection complexity of cell edge UE will
be double because for cell edge UE; they will firstly detect
the information of cell center pairing UE and subtract it
from receiving signals and then detect its own information.
However, 3GPPRAN4has finished SIC performance require-
ment in 3GPP TS36.101 [19], which means that Rel.12 UE

has enough capability to fulfill the detection performance
requirement of JSPM.

4. Performance Evaluation and Analysis

4.1. Validation of the Asymptotic Analysis. In this section, we
compare the results obtained via the method of deterministic
equivalents withMonte Carlo simulations in order to validate
the asymptotic analysis in Section 2.

In our discussion, BS is equipped with a uniform circular
array with 100 isotropic antenna elements; the distance
between antenna elements equals 𝜆/2, where 𝜆 is the carrier
wavelength. As the user mutual statistical independent chan-
nel is important for analytical results, the one-ring channel
model [11] is adopted. Users form 𝐺 = 6 symmetric spatial
groups with the angular spread (AS)Δ = 15

∘ and azimuth
AOA𝜃

𝑔
= −𝜋 + Δ + (𝑔 − 1)(2𝜋/𝐺), 𝑔 = 1, . . . , 𝐺.

We fixed to serve 𝑟𝑔 = 5 data streams per spatial group, so
that the total number of active users is 30. 𝑙𝑔

𝑚
is fixed to equal

2. SNR = P with the noise unit variance normalization.
The comparison of sum spectrum efficiencies of JSPM

obtained by using deterministic equivalent approximation
and simulations is illustrated in Figure 3. The green solid
line with “squares” is obtained using the JSPM corresponding
deterministic equivalent approximation, the red solid line
with “𝑥” is obtained through JSPM simulation, and the blue
solid line with “𝑜” is obtained through JSDM simulation.
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Figure 3: Comparison of sum spectrum efficiencies.

For multiuser spatial transmission simulation, the approach
of ZF beam-forming (ZFBF) and joint group processing
(JGP) is used. For multiuser transmission of power-domain
simulation, the predefined user grouping and per-group fixed
power allocation scheme in power-domain is applied.

As shown in Figure 3, the trend of JSPM simulation
result is coincided with that of JSPM deterministic equivalent
approximation. Furthermore simulation results show that the
performance of JSPM outperforms JSDM.

4.2. JSPM Performance Gain. In this section, we present
system-level simulation results of the investigation on the
performance gains of JSPM in LTE system. In our simulation,
a multicell system-level simulation is conducted and a 19-
hexagonal macro cell model with 3 cells per cell site is
employed.Thedetails of the simulation assumptions are listed
in Table 2.

BS is equippedwith antenna array of 8×8X-pol elements,
as shown in Figure 4. For the simulation, there are 2 vertical
prebeamforming groups by using prebeamforming matrix B,
columns of which can be 4-element DFT weight; the high
beam group is tilted to 80 degrees, and the low beam group
is tilted to 100 degrees. Therefore UE in serving cell can
be partitioned into two vertical spatial groups by BS based
on UE RSRP measurement and feedback responding to two
vertical antenna ports; each vertical antenna port is mapped
to four vertical rows of antenna elements with one polar
direction, such as +45∘ polar, as shown in Figure 4. Then BS
can apply MU-MIMO transmission for UE in each vertical
group by usingmatrixV. MatrixV can be composed with UE
feedback precodingmatrix index for eight horizontal antenna
ports. UE gets the horizontal channel spatial information by
measuring the horizontal CSI-RS ports. In the simulation, the
one horizontal antenna port is mapped to two columns of
antenna elements of one polar direction; for example, port 0
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7/8 15/16· · · · · ·

Figure 4: Antenna array with 8 × 8 X-pol elements.
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Figure 5: Cell average spectrum efficiency (SE) comparison with
different user numbers per cell.

is mapped to column 1 and 3 of +45∘ polar antenna elements,
as shown in Figure 4. In simulation, the fix power-domain
grouping scheme is adopted, the threshold for predefined
user grouping is 8 dB, and the power ratio is (0.3P, 0.7P).

Figure 5 shows the cell average spectrum efficiency (in
bits/sec/Hz) of JSDM and JSPM versus the number of users
in the system.The results show that JSPM can achieve higher
cell average spectrum efficiency (more than 15% gain with
16 users per cell and 3 km/h velocity condition) than JSDM
as JSPM can achieve additional power-domain multiplexing
gain. The ratio of UE multiplexing in spatial and power
domain for different amounts of UE per cell are summarized
in Table 3. From Table 3, it can be seen that as the amount
of UE per cell is increased, the ratio of UE multiplexing
in spatial and power domain is increased and the ratio of
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Table 2: Major simulation parameters.

Parameters Values
Tx power 46 dBm for 3D-UMa 500m
Duplex FDD
BS antenna configurations Antenna elements config: 8 × 8 × 2 (±45), 0.5𝜆H/0.8𝜆V
Traffic model Full buffer model
Wrapping method Geographical distance based
Metrics 5%, 50% UPT
System bandwidth 10MHz (50 PRBs)
UE attachment Based on RSRP
Number of UEs per cell 4/8/12/16
Network synchronization Synchronized
UE speed 3 km/h
UE distribution According to 36.873 [20]

Receiver
Nonideal channel estimation and interference modeling, detailed guidelines
according to Rel-12 assumptions
MMSE-IRC and IC receiver, and detailed guidelines according to Rel-12
assumptions [21]

UE Rx antenna configuration 1 Rx

Feedback

PUSCH 3-2
CQI, PMI, and RI reporting triggered per 5ms
Feedback delay is 5ms
Rel-10 8 Tx codebook

Transmission scheme Dynamic SU/MU-MIMO with rank adaptation
Overhead 3 symbols for DL CCHs, 2 CRS ports, and DM-RS with 12 REs per PRB
CSI-RS 5msec
SRS 1 Tx, 5ms periodicity, wideband

Table 3: Ratio of UE multiplexing comparison for different UE
numbers per cell.

Number of UEs
per cell

Ratio of UE
multiplexing of JSPM

[%]

Ratio of UE
multiplexing of JSDM

[%]
4 30.2% 28.4%
8 43.9% 37.2%
12 49.6% 41.4%
16 50.7% 43.7%

UE multiplexing is about 30% when the number of UEs
per cell is 4, while the ratio of UE multiplexing increases to
approximately 50% when the amount of UE is 16. Therefore
the gain of JSPM is also increased as shown in Figure 5.

The performances of JSPM and JSDM with UE speed
30 km/h are also provided in Figure 5. These results indicate
that the performances of JSPM and JSDM both decrease with
UE speed increasing. For JSPM, the performance loss is about
19% when UE speed increases from 3 km/h to 30 km/h with
16 users per cell since UE mobility causes the rapid channel
change and reduces the BS channel estimation accuracy.
Therefore JSPM scheme is more suitable for a stationary or

semistationary scenario, such as to provide coverage and high
data rate for users in office rooms or tall buildings.

For the sake of performance comparison of different
power-domain user pairing strategies, we also provide the
performance of JSPM with fixed power user paring selection
(denoted as blue solid line with “∗”) and greedy user paring
selection (denoted as blue solid line with square) in Figure 5.
Although the performance loss of fixed power user pairing
compared with greedy user paring is about 15% with 16 users
per cell and 3 km/h velocity condition, the fixed power user
paring algorithm can provide less computational complexity
and easier system implementation than greedy algorithm, as
discussed in Section 3.3; hence it will be the preferredmethod
for practical user pairing in BS side.

4.3. Different Antenna Type Performances. In this subsection,
we perform JSPM performance evaluation for two antenna
types with 8 × 8 and 4 × 16 X-polar antenna elements,
respectively. As the typical application scenario of massive
MIMO is providing high-speed data service for users in
tall buildings, the vertical grouping scheme, which has been
discussed in the above section, is adopted for both 8 × 8 X-
polar and 4 × 16 X-polar antenna types in the simulation.
For the antenna array with 4 × 16 X-polar antenna ele-
ments, there are 2 vertical prebeamforming groups by using
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Figure 7: Cell average spectrum efficiency (SE) comparison with
different user numbers per cell.

prebeamforming matrix B, columns of which can be 2-
elementDFTweight; two beam groups are tilted to 80 and 100
degrees, respectively. Two vertical antenna ports are mapped
to four vertical rows of antenna elements with one polar
direction; each one is corresponding to two rows. For eight
horizontal antenna ports, each horizontal antenna port is
mapped to four columns of antenna elements of one polar
direction, for example, port 0 is mapped to column 1/3/5/6 of
+45∘ polar antenna elements as shown in Figure 6.

In the simulation, the other schemes, such as user spatial
grouping scheme,MU-MIMO scheme, andmultiuser power-
domain transmission scheme, are the same as thatmentioned
in previous section.

Figure 7 shows the cell average spectrum efficiency com-
parison between two types of antenna array. Figure 8 gives
the CDF comparison of UE spectrum efficiency between two
types of antenna array with 4/8/12/16 UEs per cell. Based on
these results, it can be seen that the 4 × 16 antenna array
has better performance than the 8 × 8 antenna array both
in cell average spectrum efficiency and in 50% CDF of UE
spectrum efficiency. This is because that BS with 4 × 16
antenna array, which has more horizontal column antennas,
can form narrower beams and separates the spatial channel
into more subspace; therefore it can achieve more spatial
multiplexing gain.
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Figure 8: CDF of UE spectrum efficiency.

It can be also seen that the antenna array with more
column antennas can achieve higher multiplexing gain for
JSPM scheme with number limitation of antenna elements in
the practical network.

5. Conclusion

In this paper, a joint spatial and power-domain multiuser
transmission scheme, called JSPM, is proposed for FDD
massive MIMO systems. In this scheme, BS divides the
UE into different groups in spatial and power domains,
and each type of UE is identified with a set of indices
including spatial domain index, beam index, and power-
domain index. Based on these UE indices, BS can perform
multiuser paring and scheduling in both spatial and power
domain. Compared with the traditional spatial multiplexing
schemes, the proposed JSPM scheme can achieve additional
power-domain multiplexing gain. The system-level simula-
tion results validate that, with 16 users per cell, JSPM can
achieve more than 15% spectrum efficiency gain compared
with JSDM, and the JSPM gain increases with the number
of active users per cell. The simulation results also show that
the antenna array with larger number of horizontal column
antennas has the better performance, since user distribution
in the horizontal plane is more intensive than that in the
vertical plane in practical networks.
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