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Abstract—Owing to the hardware cost and power consumption limitation, hybrid precoding has been
recently considered as an alternative to the fully digital precoding in millimeter wave (mmWave) large-
scale multiple-input multiple-output (MIMO) systems. Although the number of radio frequency (RF)
chains is reduced to a certain extent in the hybrid precoding structure, a great number of phase shifters
are still needed. In this paper, we present a new hybrid precoding architecture based on switch network
to decrease the power consumption of hybrid precoder by reducing the number of phase shifters greatly.
The new hybrid precoding architecture consists of three parts, a digital precoder, an analog precoder,
and a switch network, in which the switch network is used to offer a dynamic connection from phase
shifters to antennas. Afterwards, a two-stage algorithm is proposed to determine each part of the
hybrid precoding implementation. Specifically, the product of the analog precoding matrix and digital
precoding matrix is viewed as a whole matrix firstly, thereby the original problem is simplified into
a two-variable problem which is relatively easy to be solved. Then, the decomposition of the analog
precoding matrix and digital precoding matrix is considered in the second stage. Simulation results show
that the presented implementation can not only provide a better trade-off between hardware complexity
and system performance, but also achieve higher energy efficiency with far fewer phase shifters than
previous works.

1. INTRODUCTION

Millimeter wave (mmWave) communication systems, operating in the spectrum from 30 GHz to 300 GHz,
have attracted extensive attention over the past years [1–3]. Multiple-input multiple-output (MIMO) is
one of the promising techniques, which can exploit large-scale antenna elements at transceivers to achieve
high beamforming gains and combat huge attenuation and penetration loss at mmWave frequencies [4].
However, increased power consumption and hardware cost make a fully digital precoder infeasible for
large-scale mmWave MIMO systems [5]. To overcome this shortcoming, a hybrid precoding architecture,
which only adopts a limited number of RF chains to connect a low-dimensional digital baseband precoder
and a high-dimensional analog RF precoder, has recently received much consideration [6, 7].

In general, the hybrid precoding is categorized into fully-connected and partially-connected
structures with phase shifters (FC-PSs and PC-PSs). Recently, several hybrid precoding algorithms
have been presented for FC-PSs. The spatially sparse precoding algorithm in [7] reformulates the
hybrid precoding problem as a sparse reconstruction problem and solves it by the orthogonal matching
pursuit (OMP). Codebook-based hybrid precoding algorithm in [8] involves an iterative searching process
in a predefined codebook to find the optimal hybrid precoding matrix. The works in [9–12] devise
hybrid precoding algorithm by matrix decomposition and alternative minimization, respectively, and
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the objective of achieving spectral efficiency is close to that of fully digital solutions. The iterative
column maximization algorithm and iterative coordinate descent algorithm for FC-PSs are studied
in [13] and [14], respectively.

The hybrid precoding scheme based on FC-PSs enjoys fully beamforming gain, since each RF chain
is connected to all antenna elements via phase shifters. However, the number of required phase shifters
is as large as the product of the numbers of RF chains and antenna elements, which leads to excessive
hardware cost and power consumption. To improve the hardware efficiency, the hybrid precoding scheme
based on PC-PSs is one possible way to significantly reduce the number of phase shifters, in which each
RF chain is only connected to a subset of antennas.

In [15, 16], a codebook-based design of hybrid precoders for PC-PSs is proposed for narrow-band
and orthogonal frequency division multiplexing systems, respectively. The design complexity of these
algorithms is low; however, the limited size of the codebook gives rise to an inevitable performance
loss. In [17], a semidefinite relaxation (SDR AltMin) algorithm is introduced by utilizing the idea
of alternating minimization, which can provide substantial performance gains for PC-PSs. Based on
realistic PC-PSs with low complexity, an iterative hybrid precoding algorithm is studied in [8], where
successive interference cancellation is exploited to obtain the analog RF precoding matrix. In addition,
to improve the system performance for PC-PSs, a greedy hybrid precoding algorithm and a modified
K-means-based hybrid precoding algorithm are developed to dynamically optimize the sub-arrays in [18]
and [19], respectively.

However, while the PC-PSs are studied substantially, there still exist an inevitable gap compared
with the performance of FC-PSs [17]. To achieve the tradeoff among power consumption, hardware
complexity and spectral efficiency of the hybrid precoder, in this paper, we focus on a novel hardware-
efficient hybrid precoding architecture with switch network instead of phase shifters in mmWave MIMO
systems. The main contributions of this paper can be summarized as follows.

• Firstly, a new hybrid architecture based on switch network is proposed in the analog processing
stage. The objective of the proposed architecture is to further reduce power consumption of
mmWave MIMO systems. Compared with the existing FC-PSs and PC-PSs, a dynamic switch
network is added to connect the phase shifters and antenna elements in the proposed scheme, which
can significantly reduce the number of phase shifters and achieve substantial hardware efficiency
gain.

• Secondly, because it is challenging to jointly optimize the switch network matrix, digital precoding
matrix, and RF precoding matrix, a two-stage alternating minimization algorithm is introduced
to facilitate the solution of each part of the proposed scheme in this paper. In the first stage, the
binary switch network matrix is derived analytically, and then, the decomposition of the digital
precoding matrix and RF precoding matrix is considered in the second stage.

• Finally, we evaluate the performance of the proposed hybrid precoding architecture based on switch
network in comparison with FC-PSs and PC-PSs. Simulation results show that the proposed hybrid
precoding scheme based on switch network can yield reasonable reduction in the power consumption.

The rest of this paper is organized as follows. Section 2 briefly introduces the mmWave system
model and proposed hybrid precoding implementation. The proposed hybrid precoding algorithm is
developed in detail and followed by the problem formulation in Section 3. Section 4 presents several
simulation results to verify the performance of the proposed algorithm. Finally, Section 5 provides a
concluding remark to summarize the paper.

Throughout this paper, bold upper-case letters and bold lower-case letters are used for matrix and
vector, respectively. For example, a and A stand for a column vector and a matrix, respectively. Ai,j is
the element (i, j)th of A. The transpose, conjugate transpose and Moore-Penrose pseudo-inverse of A
are represented by AT , AH and A†. |A| and ‖A‖F denote the determinant and Frobenius norm of A.
tr(A) and vec(A) indicate the trace and vectorization of A. ‖a‖2 denotes the 2-norm of a. IN stands for
the N × N identity matrix. Expectation is introduced by E [·], and the real part of a complex variable
is represented by �{·}. CN (μ, σ2) is the complex Gaussian distribution with mean μ and variance σ2,
and U(a, b) represents the uniform distribution between a and b.
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Figure 1. A single-user mmWave MIMO system with hybrid precoder and combiner implementation.

2. SYSTEM MODEL

Consider a single-user mmWave MIMO system model as shown in Fig. 1, in which Ns independent
data streams are sent and collected from Nt antenna elements at the transmitter and N t

RF RF chains
to Nr antenna elements at the receiver and N r

RF RF chains. In this model, only a small number of RF
chains are available, i.e., Ns ≤ N t

RF ≤ Nt and Ns ≤ N r
RF ≤ Nr. In the proposed implementation, it

can be seen that the signal from each RF chain is transmitted by Nc available phase shifters, where
Nc � Nt, which can improve the energy efficiency effectively. Compared with high-resolution phase
shifters, the switch network only has binary on-off states, thus, the implementation of an adaptive
switch network is much easier than phase shifters [20]. The transmitted signal vector x can be given
by x = FSFRFFBBs [21], where FS ∈ C

Nt×Nc , FRF ∈ C
Nc×Nt

RF and FBB ∈ C
Nt

RF×Ns stand for the
binary switch network matrix, analog RF precoding matrix and digital baseband precoding matrix,
respectively. s ∈ C

Ns×1 is the symbol vector such that E
[
ssH

]
= 1

Ns
INs . Since the analog RF precoder

is implemented using phase shifters, which can only adjust the phases of the signals, all entries of
FRF are subjected to constant modulus constraint. To reflect that, the constraint can be given by
|(FRF)i,j | = 1, i = 1, 2, · · · , Nc, j = 1, 2, · · · , N t

RF. The normalized total transmit power constraint is
given by ‖FSFRFFBB‖2

F = Ns. For simplicity, a narrow-band block-fading propagation channel model
is considered, and the received signal after decoding processing is expressed as [21]

y =
√

ρWH
BBWH

RFWH
S HFSFRFFBBs + WH

BBWH
RFWH

S n, (1)
where ρ represents the average received power, and n is the vector of i.i.d. CN (0, σ2

n) noise, in which σ2
n

stands for the noise power. H denotes the Nr × Nt channel matrix, WS ∈ C
Nr×Nc , WRF ∈ C

Nc×Nr
RF

and WBB ∈ C
Nr

RF×Ns stand for the switch matrix, RF combining matrix and baseband combining
matrix, respectively. The RF combiner is also subjected to the constant modulus constraint, i.e.,
|(WRF)i,j| = 1, i = 1, 2, · · · , Nc, j = 1, 2, · · · , N r

RF.
Assume that perfect channel state information (CSI) is known at both the transmitter and

receiver [21]. When Gaussian symbols are transmitted over the channel, and the achievable spectral
efficiency can be given by

R = log2

(∣∣∣∣INs +
ρ

σ2
nNs

(WSWRFWBB)†HFSFRFFBBFH
BBFH

RFF
H
S HH(WSWRFWBB)

∣∣∣∣
)

. (2)

Based on the Saleh-Valenzuela model [7], the mmWave channel matrix H is assumed to be a sum
of Ncl clusters, each of which consists of Nray rays. Let L = NclNray be the total number of propagation
paths, and the channel matrix H can be expressed as

H =

√
NtNr

L

Ncl∑
i=1

Nray∑
l=1

αilar(φr
il, θ

r
il)a

H
t (φt

il, θ
t
il), (3)

where αil denotes the complex path gain of the lth ray in the ith cluster; ar(φr
il, θ

r
il) and at(φt

il, θ
t
il)

represent array response vectors of the receiver and transmitter, respectively, where φr
il, θr

il, φt
il and θt

il
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are azimuth and elevation angles of arrival and departure (AoAs and AoDs), respectively. The array
response vector for an M × N uniform planar array (UPA) is defined as [22]

a(φil, θil) =
1√
MN

[
1 · · · ej 2π

λ
d(p sinφil sin θil+q cos θil) · · · ej 2π

λ
d((M−1) sin φil sin θil+(N−1) cos θil)

]T
, (4)

where 0 ≤ p ≤ M − 1 and 0 ≤ q ≤ N − 1 are the antenna indices in the 2D plane, and d and λ denote
the antenna spacing and signal wavelength, respectively.

Then, the hybrid precoding and combining problem can be viewed as the two approximation
problems as follows [7]

min
FS,FRF,FBB

‖Fopt − FSFRFFBB‖2
F

s.t. (FS)m,n ∈ {0, 1}, m = 1, 2, · · · , Nt, n = 1, 2, · · · , Nc,

|(FRF)i,j | = 1, i = 1, 2, · · · , Nc, j = 1, 2, · · · , N t
RF,

‖FSFRFFBB‖2
F = Ns,

(5)

min
WS,WRF,WBB

‖Wopt − WSWRFWBB‖2
F

s.t. (WS)m,n ∈ {0, 1}, m = 1, 2, · · · , Nr, n = 1, 2, · · · , Nc,

|(WRF)i,j | = 1, i = 1, 2, · · · , Nc, j = 1, 2, · · · , N r
RF.

(6)

Due to similar mathematical formulations to Eqs. (5) and (6), the remaining of this paper will
mainly focus on the precoding problem in Eq. (5), and the combining problem can be tackled via a
similar approach. According to the MIMO theory, the Nt × Ns optimal fully digital precoding matrix
can be given by Fopt = V:,1:Ns, where H = UΣVH is the singular value decomposition (SVD) of
channel matrix H.

However, to maximize spectral efficiency requires a joint optimization over FS, FRF and FBB, which
is intractable due to the binary constraint of FS and the unit modulus constraint of FRF. To solve these
issues, the problem in Eq. (5) will be analyzed by a two-stage algorithm as follows.

3. ALGORITHM FORMULATION

In this section, an effective two-stage hybrid precoding algorithm is described in detail to tackle the
problem in Eq. (5). Specifically, to derive the solution of binary switch network matrix FS, the product
of FRF and FBB is viewed as a whole matrix A firstly, and then, the decomposition problem of A into
FRF and FBB is considered. Therefore, the problem in Eq. (5) can be regarded as the combination of
subproblems P1 and P2 as follows

P1 :

{
Fopt

S ,Aopt
}

= arg min
FS,A

‖Fopt − FSA‖2
F

s.t. (FS)m,n ∈ {0, 1}
‖FSA‖2

F = Ns,

(7)

P2 :

{
Fopt

RF ,Fopt
BB

}
= arg min

FRF,FBB

‖Aopt −FRFFBB‖2
F

s.t. |(FRF)i,j | = 1

‖Fopt
S FRFFBB‖2

F = Ns.

(8)

3.1. An Upper Bound for the Objective

Let’s focus on the subproblem P1 firstly. Note that the columns of the optimal fully digital precoding
matrix Fopt are mutually orthogonal in order to mitigate the inter-stream interference [17, 23]. Inspired
by it, we impose a similar constraint on matrix A, i.e.,

AHA = γ2BHB = γ2INs (9)
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where A = γB, γ represents a scaling factor, and B stands for a semi-unitary matrix with the same
dimension as A. Thus, the objective function of P1 can be rewritten as

‖Fopt − FSA‖2
F = tr(FH

optFopt) − tr(FH
optFSA) − tr(AHFH

S Fopt) + tr(AHFH
S FSA)

= ‖Fopt‖2
F − 2γ�{tr(BFH

optFS)} + γ2‖FSB‖2
F . (10)

Unfortunately, it is still intractable to directly optimize Eq. (10). To overcome this issue, the
Frobenius norm ‖FSB‖2

F is upper bounded by

‖FSB‖2
F = tr(BHFH

S FSB) = tr
([

INs

0

]
KHFH

S FSK
)

< tr(KHFH
S FSK) = ‖FS‖2

F , (11)

where BBH = K
[
INs

0

]
KH is the SVD of BBH . Hence, we can formulate the objective function as

‖Fopt‖2
F − 2γ�{tr(BFH

optFS)} + γ2‖FS‖2
F . (12)

3.2. Alternating Minimization

By adopting the upper bound given by Eq. (12) as the new objective function, the subproblem P1 can
be further simplified as [23]

min
γ,FS,B

γ2‖FS‖2
F − 2γ�{tr(BFH

optFS)}
s.t. (FS)m,n ∈ {0, 1}

BHB = INs .

(13)

When regarding FS and γ as being fixed, the problem in Eq. (13) can be recast as

max
B

γ�{tr(BFH
optFS)} s.t.BHB = INs . (14)

Obviously, the objective function in Eq. (14) only has one optimization variable B, which can be
reformulated by the dual norm [24], i.e.,

γ�{tr(BFH
optFS)} ≤ |tr(γBFH

optFS)|
(a)

≤ ‖B‖∞‖γFH
optFS‖1 = ‖γFH

optFS‖1 =
Ns∑
i=1

σi, (15)

where (a) obeys the Hölder’s inequality, and ‖ · ‖1 and ‖ · ‖∞ represent the one and infinite Schatten
norms, respectively. The equality holds only when

B = V1UH , (16)

where γFH
optFS = UΣVH

1 follows the SVD, in which Σ denotes a diagonal matrix with non-zero singular
values σ1, · · · , σNs .

With fixed B, we add a constant term ‖�{FoptBH}‖2
F to the objective function in Eq. (13), and

the optimization problem can be recast as

min
γ,FS

‖�{FoptBH} − γFS‖2
F s.t. (FS)m,n ∈ {0, 1}. (17)

Considering the binary constraint of the switch network matrix FS, it is easy to know that
(FS)m,n = 1 if the corresponding (m,n)th entry in �{FoptBH} is closer to γ than 0, and (FS)m,n = 0
otherwise. Thus, the problem in Eq. (17) can be equivalently considered by [23]

min
γ,s

‖x − γs‖2
2

s.t. s ∈ {0, 1},
(18)

where x = vec{�{FoptBH}}, and s = [s1, s2, · · · , sk]T = vec{FS}, in which k = NtNc.
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Sort all the entries of x in ascending order, i.e., x̃ = [x̃1, x̃2, · · · , x̃k]T , in which x̃1 ≤ x̃2 ≤ · · · ≤ x̃k.
Therefore, the objective function in Eq. (17) can be rewritten as

f(γ) = ‖x̃ − γs‖2
2 =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

i∑
j=1

(x̃j − γ)2 +
k∑

j=i+1

x̃2
j , γ < 0 and

γ

2
∈ Ii

i∑
j=1

x̃2
j +

k∑
j=i+1

(x̃j − γ)2, γ > 0 and
γ

2
∈ Ii

,

=

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

iγ2 − 2
i∑

j=1

x̃jγ +
k∑

j=1

x̃2
j , γ < 0 and γ ∈ Ri

(k − i)γ2 − 2
k∑

j=i+1

x̃jγ +
k∑

j=1

x̃2
j , γ > 0 and γ ∈ Ri,

(19)

where all the entries split the line into k + 1 intervals {Ii}k
i=1, such that Ii = [x̃i, x̃i+1]. Basically, f(γ)

is viewed as a quadratic function within each interval Ri = [2x̃i, 2x̃i+1]. Hence, the optimal solution in
Eq. (17) is given by

γopt = arg min
{x̃i,x̄i}k

i=1

{f(2x̃i), f(x̄i)}, (20)

Fopt
S =

⎧⎪⎨
⎪⎩

�{�{FoptBH} >
γ

2
1Nt×Nc}, γ > 0

�{�{FoptBH} <
γ

2
1Nt×Nc}, γ < 0,

(21)

where �(·) stands for the indicator function, and 1m×n represents an m × n matrix with all matrix
elements equal to one. In addition, x̃i is the ith smallest entry in x, and

x̄i =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i∑
j=1

x̃j

i , x̄i < 0 and x̄i ∈ Ri

k∑
j=i+1

x̃j

k − i
, x̄i > 0 and x̄i ∈ Ri

+∞, otherwise.

(22)

This means that γopt can only be obtained either at the endpoint of the intervals {Ri}k
i=1, i.e., {2x̃i}k

i=1,
or at the vertexes of the parabolas, i.e., {x̄i}k

i=1, if they fall into the intervals. In other words, γopt can
only be given by comparing the values of the objective function of all the endpoints and vertexes, as
indicated in Eq. (20). And the optimal switch matrix Fopt

S can be obtained by a closed-form solution
of Eq. (21), thereby the superiority and benefits of the surrogate objective function given by Eq. (13)
are verified.

Now, the subproblem P1 has been solved, and Fopt
S has been given. Afterwards, let’s focus

on the subproblem P2, which is an optimization problem of FRF and FBB. This kind of problem
has been extensively studied, such as the OMP-based sparse precoding algorithm [7] and PE-AltMin
algorithm [17]. In this paper, we chose the PE-AltMin algorithm [17] to solve as it can achieve better
performance with relatively low computational cost. Based on the above discussion, with the closed-
form solutions derived in Eqs. (16), (20) and (21), the proposed two-stage algorithm based on switch
network in mmWave systems can be summarized and presented with pseudo-codes in Table 1.

4. SIMULATION RESULTS

In this section, the simulation results are obtained to evaluate the presented algorithm for single-
user mmWave MIMO communication systems as shown in Fig. 1. The UPAs of the transmitter
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Table 1. Pseudo-code of proposed hybrid precoding algorithm.

Proposed Two-Stage Hybrid Precoding Algorithm

Input: Fopt

Initializations:
F(0)

RF and F(0)
BB are constructed with random initial values randomly, t = 0

repeat
1: Fix B(t), optimize γ(t) and F(t)

S according to (20) and (21), respectively;
2: Fix γ(t) and F(t)

S , update B(t) with (16);
3: A(t) = γ(t)B(t);

4: Fix F(t)
RF, compute the SVD: A(t)HF(t)

RF = U(t)
1 S(t)V(t)

2

H
;

5: F(t)
DD = V(t)

2 U(t)
1

H
;

6: Fix F(t)
DD, and arg{F(t+1)

RF } = arg(A(t)F(t)
DD

H
);

7: t = t + 1;
until convergence;

9: FBB =
√

NS
‖FRFFDD‖F

FDD.
Output: FS, FRF, FBB

and receiver are equipped with 12 × 12 and 4 × 4 antenna elements, respectively. Without loss of
generality, it is assumed that the same numbers of RF chains are set at the transmitter and receiver,
i.e., N t

RF = N r
RF = NRF.

The mmWave propagation channel consists of totally L = NclNray = 40 paths, which are divided
into 5 clusters Ci, i = 1, 2, · · · , 5, and each contains 8 rays. When the signal leaves the transmitter, the
average azimuth/elevation AoD of each cluster, i.e., φt

Ci
= 1

8

∑
l∈Ci

φt
l , θt

Ci
= 1

8

∑
l∈Ci

θt
l (i = 1, 2, · · · , 5),

is uniformly distributed within (0, 2π). The azimuth/elevation AoD of rays in each cluster follows
Laplace distribution, i.e., φt

l,l∈Ci
∼ L(μt

φ,Ci
, bt

φ,Ci
), θt

l,l∈Ci
∼ L(μt

θ,Ci
, bt

θ,Ci
), where μt

φ,Ci
= φt

Ci
, μt

θ,Ci
= θt

Ci

are the location parameters, and bt
φ,Ci

= bt
θ,Ci

= 10◦ are the scale parameters. The statistic properties
of azimuth/elevation AoA are the same as the azimuth/elevation AoD. The complex gain of each path
αl follows the standard complex normal distribution CN (0, 1). All algorithms are used to solve for
the whole hybrid precoding in this section. It is assumed that the perfect CSI is known at both the
transmitter and receiver instantaneously. All of the simulation results are averaged over 1000 random
channel realizations.

Figure 2 shows the spectral efficiencies achieved by the several precoding algorithms when SNR =
0dB, Ns = NRF = 4,and Nc = 30. As can be seen from Fig. 2, with the increase of SNR, the
performance of all algorithms gradually improves. Obviously, although the number of phase shifters is
small, i.e., NPS = NcNRF = 120, the proposed hybrid precoding architecture achieves higher spectral
efficiency than the OMP-based sparse precoding algorithm for FC-PSs with NPS = NtNRF = 576 [7]
and the SDR AltMin algorithm for PC-PSs with NPS = Nt = 144 [17], while incurring small loss in the
system performance compared to the optimal fully digital precoder. Besides, the proposed algorithm
far outperforms the antenna selection structure A3 based on switch network (SW-AS) presented in [20].

Figure 3 plots the spectral efficiency and energy efficiency comparison against the number of Nc

with SNR = 0 dB, Ns = NRF = 4. When taking energy efficiency into consideration, the energy
efficiency η can be defined as

η =
R

P
=

R

Pt + Ptotal
, (23)

where the unit of η is bits/Hz/J, and Pt = ‖FSFRFFBB‖2
F = Ns is the transmitted power. Then,

the total power consumption Ptotal is given by Ptotal = NRFPRF + NPSPPS + NSWPSW, in which PRF,
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Figure 2. Spectral efficiency for various SNR.
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Figure 3. Performance comparison for various Nc. (a) Nt = 12 × 12, (b) Nt = 16 × 16.

PPS and PSW denote the power consumed by RF chains, phase shifters and switches, respectively, and
NRF, NPS, and NSW stand for the numbers of required RF chains, phase shifters, and switches in the
transmitter, respectively. In this paper, we use the practical values PRF = 250 mW [8], PPS = 50 mW [23]
and PSW = 5 mW [23]. It can be demonstrated that the proposed hybrid precoding scheme based on
switch network provides substantial energy efficiency gain over the optimal fully digital precoder, while
only imposes an acceptable spectral efficiency loss. It shows that the energy efficiency decreases with
increasing number of Nc for the proposed hybrid precoding implementation. The reason is that the
diversity of the RF chains cannot compensate the increasing power consumption of the phase shifters
and switches. Also, the proposed precoding scheme can achieve higher energy efficiency than the FC-
PSs [7] when Nc < 40 in Fig. 3(a) and Nc < 37 in Fig. 3(b). For spectral efficiency, the performance
given by the proposed algorithm increases with the increase of Nc, which almost saturates when Nc > 45.

It is noteworthy that Nc = 8 in the proposed scheme is enough to achieve a comparable spectral
efficiency as the FC-PSs in Fig. 3(a). Hence, we compare the power consumption of the proposed scheme
with the FC-PSs [7] and PC-PSs [17] when Nc = 8 in Table 2. Explicitly, to achieve the equivalent
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Table 2. Power consumption of hybrid precoder for different hybrid precoding algorithms.
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5 mW
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29.8 W

8.2 W

8.36 W

Total Power

N t
RF P N P N PRF PS PS SW SW

Ptotal

spectral efficiency, the power consumption of FC-PSs is almost 3 times more than the proposed scheme.
However, for approximately equal power consumption when Nc = 8, the spectral efficiency between the
proposed scheme and PC-PSs has great gap. As can be seen from Fig. 3(b), the proposed scheme
can achieve an approximately spectral efficiency as the FC-PSs when Nc = 13. The total power
consumption of the PC-PSs is Ptotal = 52.2 W, and the total power consumption of the proposed
scheme is Ptotal = 20.24 W, which demonstrates the attractive benefits of the proposed algorithm in
this paper in terms of energy efficiency, even if the antenna array is large enough. For Fig. 3(b), the
proposed scheme is enough to achieve a comparable spectral efficiency as the FC-PSs when Nc = 13.

Figure 4 compares the performance of different hybrid precoding algorithms for various NRF when
Ns = NRF. The simulation parameters are the same as those in Fig. 2. It can be observed that for
the single-stream communication system (NRF = 1), the difference between the proposed scheme and
optimal fully digital precoder is small, and the proposed hybrid precoding scheme outperforms the FC-
PSs in [7] and the PC-PSs in [17]. However, for multiple-streams scenario (NRF > 1), the proposed
algorithm can consistently offer about 5 bits/s/Hz and 8 bits/s/Hz performance gain compared with
the OMP-based sparse precoding algorithm for FC-PSs and the SDR AltMin algorithm for PC-PSs,
respectively. In addition, the SW-AS for A3 in [20] suffers from serious performance loss. Based on the
above discussion, we verify the superiority of the proposed scheme under various system settings.

Figure 5 illustrates the spectral efficiencies achieved by different algorithms as the number of
propagation paths L when SNR = 0dB, Ns = NRF = 4. It is observed that the spectral efficiency gap
between the proposed algorithm and optimal fully digital precoder is small, and this gap is less than
2bits/s/Hz. In addition, the proposed algorithm always outperforms the other comparative algorithms
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Figure 4. Spectral efficiency for various NRF.
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and offers a steady gain over the whole range of L, while the OMP-based algorithm [7] experiences
serious performance degradation. Especially when L ≥ 40, up to about 5 bits/s/Hz performance gain
can be provided by the proposed algorithm. In a nutshell, the proposed algorithm is able to consistently
offer a significant performance gain whether the channel is sparse or relatively rich scattered.

5. CONCLUSION

In this paper, a hardware-efficient architecture for hybrid precoding is considered for single-user
mmWave MIMO communication systems. The new implementation introduces a switch network
to dynamically connect the phase shifters and antennas, which can significantly reduce the power
consumption of the hybrid precoder. Then a two-stage hybrid precoding algorithm is proposed to
determine the digital precoding matrix, RF precoding matrix and switch network matrix. Simulation
results show that the presented algorithm can not only improve the spectral efficiency effectively of
mmWave MIMO communication systems but also achieve higher energy efficiency with much fewer
phase shifters than the existing works.
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