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Abstract. Massive multiple input multiple output (MIMO) technology and
millimeter wave (mmWave) system, as the key technologies of the new gen-
eration of mobile communications, can effectively increase channel capacity and
relieve spectrum resources. Because the mmWave has a short wavelength, the
transceiver can be composed of a large antenna array to reduce severe signals
attenuation. Furthermore, the use of hybrid precoding technology can improve
system performance and reduce system hardware complexity. The classic hybrid
precoding algorithm that based on simultaneous orthogonal matching pursuit
(SOMP) requires matrix inversion, which leads to high complexity, and its
performance depends on the accuracy of channel estimation. In this paper, by
modeling the mmWave MIMO system, we compare three improved algorithms,
which are orthogonality based matching pursuit algorithm (OBMP), matrix-
inversion-bypass simultaneous orthogonal matching pursuit algorithm (MIB-
SOMP) and residual matrix-singular value decomposition algorithm (RM-SVD).
We analyze the performance of the algorithms, such as complexity, spectrum
efficiency, bit error rate, as well as the advantages and disadvantages of the
algorithms.
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1 Introduction

The millimeter wave (mmWave) multiple input multiple output (MIMO) system is a
promising technology to achieve data rates above 10Gbit/s [1]. The most prominent
feature of mmWave system is their huge bandwidth, which can support high data rates
communications. However, compared with the frequency bands of existing cellular
communications, mmWave signals have severe path loss. But because of the shorter
wavelength of mmWave, more antennas can be integrated on the same physical size to
improve antenna gain [2].

An effective solution to achieve high link quality and support high data rates is to
transmit multiple data streams through precoding technology [3]. In 4G mobile com-
munications, traditional digital precoding technology has been widely used [4].
However, it is not practical to use traditional digital precoding on a large-scale antenna
array, because digital precoding requires a separate radio frequency (RF) chain for each
antenna, which will greatly increase the cost and power consumption of the system.
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Generally, hybrid precoding technology is used in mmWave MIMO system, which
combines baseband precoding with RF precoding to solve the problems of high
hardware cost and power consumption.

The hybrid precoding design can be solved by simultaneous orthogonal matching
pursuit (SOMP) [5], an algorithm requiring matrix inversion and assuming that the
channel state information (CSI) is perfectly known. Hence, several approaches are
proposed to simplify the matrix inversion computation and avoid the dependence on
channel estimation. Based on the singular value decomposition (SVD), a hybrid pre-
coding algorithm based on the SVD of the residual matrix is proposed [6], which
reduces the dependence on channel estimation. And in [7], the DFT codebook is used
as a candidate matrix for its orthogonality, which can avoid the iterations in matching
pursuit. In addition, an approach is proposed to simplify the matrix inversion com-
putation by applying Schur-Banachiewicz blockwise inversion [8].

On this basis, we compare the three improved algorithms, quantitatively analyze the
complexity and the performance of these algorithms, as well as the existing problems.

This paper is organized as follows. The system model, channel model and the
classic hybrid precoding algorithm are introduced in Sect. 2. The RM-SVD, OBMP
and MIB-SOMP algorithms are presented in Sect. 3. The simulation analysis and
performance comparison of the three improved algorithms are presented in Sect. 4.
Finally, the conclusions about the performance analysis are presented in Sect. 5.

2 System Model

2.1 System Model

Consider the single-user mmWave MIMO system shown in Fig. 1 [9].
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Fig. 1. MmWave MIMO hybrid precoding system block diagram
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The base station equipped with N; antennas transmit N data streams to the user
equipment equipped with N, antennas. There are NXF' and NXF RF chains at the
transmitter and the receiver to enable multi-stream transmission such that
Ny <NFE<N,, Ny <NRF<N,. In the system, the signal processed by the baseband

RF RE .
precoder Fgp € CNNs and RF precoder Frp € CN*MT s transmitted to the channel
H € C"*™_ The transmitted signal at the base station is:

x = FrrFpps (1)

where s = [s1,52,.. ., sn,]” denotes the data stream such that E[ss”’] = - Ty.. The

total transmit power constraint satisfies HFRFFBBH?: N;. The received signal at the
user equipment is:

Y= \/ﬁHFRFFBBS +n (2)

where p represents the average received power, n~ CN (07 aﬁINr) is the noise,
p/a?% is the received SNR, and H is the channel matrix such that E [HHH%} = NN,

After being processed by the RF combiner Wy € C¥*NM" and baseband combiner

Wgg € (CN'RFXN“, the received signal is:
¥ = VWi Wi HFreFpps + Wi Wiin 3)

Since Frr and Wgp is implemented using analog phase shifters, its elements are

& = 1/ and W | = 1/ VA,

constrained to satisfy ’FRF

2.2 Millimeter Wave Channel Model

Considering that the mmWave has the characteristics of high path loss and line-of-sight
transmission, the narrowband scattering cluster channel model is used to model the
smmWave channel [10]. Assuming that the mmWave channel contains N scattering
cluster, each cluster contains N, propagation path, the system channel can be

described as:
NN,
H = [0 a6, 07) a4, 0))" )
NclNray il

where a;; ~CN (0, 0'2’1-) is the complex path gain of the /" ray in the i scattering

h

cluster, and ai{ represents the average power of the i cluster. The average cluster

i
Na

powers are such that Y 62, =y where 7 satisfies E[HHH%} = NN;. ¢}, and 0} rep-
=1

resent the azimuth and elevation angles of the arrival angle. In the same way, ¢}, and 0},
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represent the azimuth and elevation angles of the departure angle. a (¢}, 05) and
at(dﬁl, 6;1) are the antenna array response vector at the receiver and the transmitter.
For the convenience of description, formula (4) can be written as:

H = A HA" (5)

where Hy=\/NN; /NeiNay diag (oc1,1, 012, , Ot ray) Tepresents the path gain of

all propagation paths in the channel. A; and A; represent the transmit candidate matrix
and receive candidate matrix.
In this paper, we adopt uniform linear arrays and then the array response vector is:

a(¢) = \/]Iv[l’e—jkdsin(/)7e—j2kdsinq57 3 .7e—j(N—l)kdsin¢:|T (6)

where N is the number of antennas, d is the antenna spacing, and k = 27/ A.

2.3 Hybrid Precoder Designs

The target of hybrid precoding is to maximize the spectral efficiency over all possible
solutions of (Frr, Fgp, Wrr, Wgg), which is written as:

R = log,|Iy, + NﬁR;lwng’gFHFRFFBBFg’BFgFHH WierWas (7)

where R, = aﬁWgBszFWRpWBB represents the noise covariance matrix pro-
cessed by the user equipment. According to mathematical derivation, the joint opti-
mization problem can be decoupled. Then we only consider the design of the hybrid
precoder FrpFpp and assume the receiver can decode perfectly.

In general, the precoder design problem can be rewritten as:

(Fyp, Fp) = argmin||Fop — FreFpp ||F
Frr,Fpp (8)
S.t. Frr € ®, ||FRFFBB||?:: Ng

where Fo, represents the optimal full-digital precoder, which consists of right
singular vectors associated with the largest Ny eigenvalues of H.

Similarly, considering the fixed hybrid precoder Frr and Fgg, we adopt the min-
imum mean square error (MMSE) criterion to design the combiner Wgrr and Wyg.
According to derivation, the design problem of the combiner can be equivalent to [5]:

t t .
(W;%,W%%) = argmin
Wrr, Wgp

E[yy"] 2 (Wyiase — WrrWs) HF o)

s.t. Wkr € ¢
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Therefore, the design of the MMSE combiner is similar to the design of the hybrid
precoder. The differences are that there is a weighting of the received signal power
E[yy] in the optimization objective function and there is no power limitation for the
combiner. In this paper, we adopt the MMSE criterion to convert the precoding
algorithm to the receiver to solve the design problem of the combiner.

The hybrid precoding algorithm based on SOMP is shown in Table 1.

Table 1. The Hybrid precoding algorithm based on SOMP

Algorithm 1: SOMP
Input F and A,

opt

Output F,. and F,

I: Ky, =[ ]

2: Fres :Fopt

3:for i=1: N do

4: ‘I’.=AHF .

5: k=argmax,__ . (‘I’i‘I‘f )/,/

6: [ RF|A£" ]

7. Fop=(FitF, ) FuF,,
F, —FpeFyp
F,, —FFy,

opt
9: end for

10: Fyy= JT

res

BII

The algorithm mainly has two issues: 1) High complexity of matrix inversion.
SOMP algorithm requires matrix inversion for updating the baseband precoder with
least squares method. When the number of selected base vectors increases, the
dimension of matrix inversion will also increase, and matrix inversion is complicated
for hardware implementation, which may cause more long calculation delay and higher
power consumption. 2) High dependence on the channel estimation. In this algorithm,
the RF precoder is the premise of the baseband precoder. And because of the constant
modulus constraints and power control, the design of RF precoder is the main factor
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affecting system performance. This algorithm uses the antenna array response vector as
a candidate matrix for RF precoder, and the system performance will be affected by the
accuracy of the channel estimation.

3 Hybrid Precoding Algorithm

31 RM-SVD

The RM-SVD algorithm is mainly composed of two parts: the design of the initial RF
precoding matrix and the update of the initial precoding matrix. The initial RF pre-
coding matrix is constructed by performing SVD on the optimal full-digital precoding
matrix Foy, as shown in Eq. (10):

Fop = SVD” (10)

where SV € CM*™  In order to determine the initial RF precoding matrix, a N, x
(NtRF — Ns) dimensional matrix is constructed so that the phase of its elements obeys a
uniform random distribution on [0,27). At the same time, it is forced to limit its
amplitude to 1 / \/N{ for meeting the constant modulus constraints of Fgr. Therefore,
the Eq. (10) has the following equivalent form:

(11)

Fope = [SVFy] [DH}

0

where 0 represents an all-zero matrix with (NlRF —NS) X Ns dimensions. Under
unrestricted conditions, according to the SVD of Foy, a global optimal solution can be
obtained:

(12)

* * DH
Frr = [SVFR]a Fgp = { ]

0
But the SV does not meet the constant modulus constraints. Therefore, the phases
of all elements of the SV are preserved, and the amplitude of all elements is forced to

be 1/+/N.. The processed Fyp. is used as the initial RF precoding matrix.
The hybrid precoding algorithm based on RM-SVD is shown in Table 2.
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Table 2. The Hybrid precoding algorithm based on RM-SVD

Algorithm 2: RM-SVD
Input F_ and initial F,;

opt

Output K, and F,
1: for i=1: N* do

2 By ()] ]
3 By = (FiF) RO,
4: F,=F, —F;Fy

5. F, =USV"

6: n= 1/\/ﬁt_efarg(u(;_1))
7 Fg :[FRF n]

8: end for

9: Fyy=(FliF,, ) FiF,,
10: FBB:\/N_SL

FRFFBB " F

Compared with the SOMP algorithm, this algorithm does not require a candidate
matrix, which reduces the dependence on channel estimation. Furthermore, through the
SVD of the residual matrix, the information of the residual matrix can be better used, so
that the hybrid precoder FrpFgp is closer to Fop.. However, due to matrix inversion and
SVD, the algorithm complexity is relatively high.

3.2 OBMP

To avoid the issues of the SOMP algorithm, the candidate matrix must satisfy the
orthogonality of the column vectors. And considering the sparse characteristics of the
mmWave channel, the DFT codebook is used as the candidate matrix, denoted as
A pFT

1 —j2n(k-1) —pu=nN-07T
l,e ™ .., ™ }

Acprr(:, k) = (13)

where k = 1,...,N,. It is well known that the DFT codebook is the basis for the
space that is spanned by array response vectors.

Based on the orthogonality of the DFT codebook, as shown in Fig. 2, by calcu-
lating the correlation matrix of Fo, and A prr, the power contribution distributed in Ny
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beamforming directions can be calculated in parallel. The correlation matrix can be
expressed as:

¥ = AtI-.IDFTFOPt (14)

The power contribution of each beamforming direction can be obtained according
to formula (18):

B= diag(‘l‘o‘l’g’) (15)

where the i element of p e CM*! represents the contribution of the i beam-
forming direction in the DFT codebook. Because of the orthogonality of the DFT
beamforming vectors, the NRF column vectors can be selected in parallel in the DFT
codebook without iteration to form Fgg:

Frr = Aiprr(5, V) (16)

where V is the index set of the largest NN elements selected in B. Since Frp =
At,DF]‘(:,V) is composed of orthogonal column vectors in the DFT codebook, the
inverse matrix of F’l{FFRp is the identity matrix. Then Fgp can be expressed as:

-1
Fgp = (At,DFT(Z,V)H Aiprr(:, V) Acprr(;, V) Fopt

" (17)
= At,DFT(:7 V) Fopt = WO(Vv :)
As shown in Fig. 2, the least squares method can be simplified as selecting rows in
¥, with V as the index set.
The hybrid precoding algorithm based on OBMP is shown in Table 3.

Yo Fopt Fopt

(a) Correlation matrix (b) Parallel index selection

Fig. 2. The explanation of OBMP algorithm
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Table 3. The Hybrid precoding algorithm based on OBMP

Algorithm 3: OBMP

Input F,, and A

Output F,; and F
1: ¥, = A(I:[DFTFopt

. B = diag(W, ¥}’ )

V=[]

for i=1: N do

k=argmax,, B(7)

V= [Vi—l k]

B(k)=0

: end for

Fre = A prr (:’V)

10: Fyy =¥, (V,0)

F,
11: FBB:\/FSﬁ

3.3 MIB-SOMP

In algorithm MIB-SOMP, Schur-Banachiewicz blockwise inversion is used to avoid
complex matrix inversion. The algorithm divides a high-dimensional matrix into a low-
dimensional matrix, and uses the result of the previous iteration to perform the
inversion operation of the block matrix in the current iteration, which reduce the
complexity of the SOMP algorithm.

In this algorithm, we can use auxiliary variables A, V, M and the calculation result
of the previous iteration to update GE,{L’FBBZ- and ¥;. And the matrix inversion is
converted to matrix multiplication, which improves the hardware realizability of the
algorithm.

According to theoretical derivation, the hybrid precoding algorithm based on MIB-
SOMP is shown in Table 4.
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Table 4. The Hybrid precoding algorithm based on MIB-SOMP

Algorithm 4: MIB-SOMP

Input F,, and A,
Output F;; and F;
:G=AA (G, =AlA, )

t7

—

: G}(l,.zo :FBB" :[ ]’ ¥, :AlHFopt
I,=[ ], To={i, 1Si< NN, }

cfor i=1: N do
k = argmax, (‘I’H‘I’fi])

A

1,0
. _ -1
60 A=G,; Gy 1,

7: V:I/(GM—AGIH’,()
8: M=AY,(Z_.)-Y,(k;)

9: Z,=[Z, k|, T =Z:1~{k}
. G, , +VA"A -VA"
10: G;', = "'
T VA 14
F,. +VA"™
11: F,, =|
: -YM
— VATM
12: ¥, =¥, (T.)-G; , {_VM }
13: end for
14: Fyp :A[I
15: F.. = /N i
. BB s
FRFFBB"F

4 Performance Analysis

4.1 Complexity Analysis

427

Compared with addition, multiplication calculation is the main factor of the complexity
of the algorithm. Therefore, in this paper we only consider the number of complex

multiplications in each iteration.

The number of complex multiplications during the i iteration of the hybrid pre-

coding algorithm of SOMP and RM-SVD is shown in Table 5 and Table 6.
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Table 5. Number of complex multiplications in i the iteration of SOMP

Computation SOMP

¥, L x Ny x N;

b A S Lx Ny xL
FrrFsB N; X NtRF X Ng
|| Fopt — FreFgg ||, | No X Ny

Table 6. Number of complex multiplications in i’ the iteration of RM-SVD

Computation RM-SVD
FreFgp Ny X N[RF X Ng
Usv? N; x Ny x N
n= 1/\/ﬁ[ L@ ag(UL) | N,

where L is the number of basis vectors in the candidate matrix, N, is the number of
antennas at the transmitter, N is the number of data streams, and N[RF is the number of
RF chains at the transmitter. The complexity of the SOMP algorithm is mainly con-
centrated in the calculation of the correlation matrix and the residual matrix. Further-
more, the complexity of the RM-SVD algorithm is mainly concentrated in the SVD of
the residual matrix. Due to the sparsity of mmWave channels, N, is much larger than L
in mmWave MIMO systems, so the RM-SVD algorithm requires more complex

multiplications.

The number of complex multiplications during the i iteration of the hybrid pre-

coding algorithm of OBMP and MIB-SOMP is shown in Table 7 and Table 8.

Table 7. Number of complex multiplications in i’ the iteration of OBMP

Computation | OBMP
¥, N X N X N
B N x Ng/2

Table 8. Number of complex multiplications in i the iteration of MIB-SOMP

Computation | MIB-SOMP Computation | MIB-SOMP

¥, L x N x N M (i—1) x Ng

G LxNXxL Ally i—1

(P W), L= (= D] xN/2 | (A"V)A [ (= 1) x (i—1)
¥, L-dxixN, | (ATV)M | (i— 1) XN,

A (i-)x(i—-1) VM N,

\Y i—1 G;! 0
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The OBMP algorithm uses the DFT codebook with orthogonal column vectors as
the candidate matrix and selects NXF column vectors with the largest power contri-
bution in parallel. In addition, the algorithm converts the least square method into a
simple indexing process so that matrix inversion is not required, which greatly reduces
the complexity of the algorithm.

The MIB-SOMP algorithm applies Schur-Banachiewicz blockwise inversion and
achieves hybrid precoding through iterative inversion. This procedure greatly reduces
the computation complexity and enable efficient hardware implementation.

4.2 Spectral Efficiency

The simulation parameters in the performance analysis are shown in Table 9.

Table 9. The simulation parameters

Parameters Values
Ny X N; 128 x 32
d 0.5
Modulation scheme | QPSK
Nl 5

Nray 10

In Fig. 3(a), we compare the spectral efficiency of all hybrid precoding algorithms.
This simulation sets Ny =2 and N = NRF = 4. From this figure we observe that
MIB-SOMP algorithm exhibits same spectral efficiency as the SOMP algorithm, this is
because the MIB-SOMP algorithm only changes the method of matrix inversion, but
the hybrid precoding matrix is the same as that of the SOMP algorithm. The spectral
efficiency of the RM-SVD algorithm is higher than that of the SOMP algorithm, which
is closer to the optimal full-digital precoding algorithm. This algorithm better extracts
the information in the optimization target matrix by performing singular value
decomposition on the residual matrix. The OBMP algorithm has the lowest spectral
efficiency, because the candidate matrix is defined in advance without CSL

In Fig. 3(b), we compare the spectral efficiency of all hybrid precoding algorithms
when the number of RF chains varies from 2 to 6. This simulation sets Ny = 2 and
SNR = —5dB. As the number of RF chains increases, the spectral efficiency of the
SOMP algorithm and improved hybrid precoding algorithm is closer to the optimal
full-digital precoding algorithm. With the same SNR, the spectral efficiency of the RM-
SVD algorithm is about 5%-10% higher than that of SOMP algorithm. And the
spectral efficiency of the MIB-SOMP algorithm is the same as the spectrum efficiency
of the SOMP algorithm. The OBMP algorithm has the lowest spectrum efficiency,
which is about 80% of that of the SOMP algorithm.
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(a) Spectral efficiency versus SNR (b) Spectral efficiency versus the
number of RF chains

Fig. 3. Spectral efficiency of hybrid precoding algorithms

4.3 Bit Error Rate

In Fig. 4(a), we compare the bit error rate (BER) of the algorithms. This simulation sets
Ny =2 and NRF = NRF = 4. Consistent with the spectral efficiency of algorithms,
MIB-SOMP and SOMP have the same BER. The RM-SVD has a lower BER than the
SOMP algorithm. The OBMP algorithm has the highest BER.

In Fig. 4(b), we compare the BER of the algorithms when the number of RF chains
varies from 4 to 10. This simulation sets Ny = 4 and SNR = —15dB. With the same
SNR, we observe that the BER of the OBMP algorithm is increased by about 35%—
40%, the BER of the RM-SVD algorithm is reduced by about 30%—40%. And the BER
of the MIB-SOMP algorithm is the same as that of the SOMP algorithm.

e

b [—e—Optimal Full Digital —e— Optimal Full-Digital
- v--SOMP - SOMP
AMIBSOMP
e RM-SVD
- - OBMP

(a) Bit error rate versus SNR (b) Bit error rate versus the number
of RF chains

Fig. 4. Bit error rate of hybrid precoding algorithms

5 Conclusions

In this paper, we analyze the main issues of the SOMP algorithm, which are high
complexity of matrix inversion and high dependence on the channel estimation. On this
basis, we compare and analyze the performance and complexity of the three improved
hybrid precoding algorithms. The RM-SVD algorithm is more complicated than the
SOMP algorithm due to the SVD of the residual matrix, but the spectrum efficiency is
approximately improved 5%—-10%, and the bit error rate is approximately reduced
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30%—-40%. The OBMP algorithm uses the DFT codebook as a candidate matrix to
completely avoid matrix inversion. The complexity is about 20% of the MIB-SOMP
algorithm, the spectral efficiency is reduced by about 20%, and the bit error rate is
increased by about 35%-40%. The MIB-SOMP algorithm wuses the Schur-
Banachiewicz blockwise inversion and replaces the matrix inversion with iterative
inversion. The algorithm exhibits same performance as the SOMP algorithm via
simulation results with reduced computational complexity.
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