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Abstract—Millimeter wave (mmWave) MIMO will likely use  with high frequencies of mmWave enables a large antenna
hybrid analog and digital precoding, which uses a small numbr  array to be packed in small physical dimensioh [3]. On the
of RF chains to avoid energy consumption associated with other hand, the large antenna array can provide sufficient

mixed signal components like analog-to-digital componestnot to t in t te for th it i f
mention baseband processing complexity. However, most hyid antenna gain to compensate lor the severe attenuation o

precoding techniques consider a fully-connected architeare ~MMWave signals due to path loss, oxygen absorption, and rain
requiring a large number of phase shifters, which is also emgy-  fall effect [4]. Additionally, the large antenna array calsca
intensive. In this paper, we focus on the more energy-effiai®  support the transmission of multiple data streams to imgrov
hybrid precoding with sub-connected architecture, and prgpose a the spectral efficiency through the use of precodifg [5].

successive interference cancelation (SIC)-based hybridgroding . .
with near-optimal performance and low complexity. Inspired For MIMO in conventional cellular frequency band (e.g.,

by the idea of SIC for multi-user signal detection, we first 2-3 GHz), precoding is entirely realized in the digital doma
propose to decompose the total achievable rate optimizatio to cancel the interferences between different data streams
problem with non-convex constraints into a series of simple Digital precoding requires an expensive radio frequendy) (R
sub-rate optimization problems, each of which only conside chain (including digital-to-analog converter, up coneeretc.)

one sub-antenna array. Then, we prove that maximizing the f ¢ | W MIMO t ith a |
achievable sub-rate of each sub-antenna array is equivalério or every antenna. In mmvvave system with a large

simply seeking a precoding vector sufficiently close (in tens Number of antennas, it will bring prohibitively high energy
of Euclidean distance) to the unconstrained optimal solutn. consumption and hardware complexity. To solve this problem
Finally, we propose a low-complexity algorithm to realize - mmWave MIMO prefers the more energy-efficient hybrid ana-
based hybrid precoding, which can avoid the need for the singar log and digital precoding[3], which can significantly reeéuc

value decomposition (SVD) and matrix inversion. Complexiy . . i .
evaluation shows that the complexity of SIC-based hybrid pe- the number of required RF chains. Specifically, the trartsihit

coding is only about 10% as complex as that of the recently Signals are first precoded by the digital precoding of a small
proposed spatially sparse precoding in typical mmWave MIMO dimension to guarantee the performance, and then precoded

systems. Simulatio_n results _verify the near-optimal perfomance again by the analog precoding of a large dimension to save
of SIC-based hybrid precoding. the energy consumption and reduce the hardware complexity.

Index Terms—MIMO, mmWave communications, hybrid pre- To realize the hybrid precoding in practice, two categories

coding, energy-efficient, 5G. of techniques have been proposed recently. The first categor
is based on the spatially sparse precodifg [6]-[8], whiah fo

I. INTRODUCTION mulates the achievable rate optimization problem as a spars

pproximation problem and solves it by orthogonal matching

ursuit (OMP) [9] to achieve the near-optimal performance.
The second category of hybrid precoding based on codebook
s proposed in[[10]+[12], which involves an iterative sd¥ing
ocedure among the predefined codebook to find the optimal
brid precoding matrix. These algorithms are all desidioed
e hybrid precoding with fully-connected architecturdyere
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He integration of millimeter-wave (mmWave) an
multiple-input multiple-output (MIMO) can achieve or-
ders of magnitude increase in rates due to larger bandwidth
greater spectral efficiencyl[1]. This makes mmWave MIMO
a promising technique for future 5G wireless communicati
systems[[2]. On one hand, the decreased wavelength agsbci
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shifters without obvious performance lo§s [3]. Therefahe,
sub-connected architecture is expected to be more energy- ] -+ RE Chain | |-~®-
efficient and implementation-practical for mmWave MIMO -
systems. Unfortunately, the design of hybrid precodinghwit*le & 2 lﬁgzﬁi‘fg
sub-connected architecture is still an open problem [3],[1

as the sub-connected architecture changes the consteoaints —
the original hybrid precoding problem.

In this paper, we propose a successive interference cancela
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tion (SIC)-based hybrid precoding with sub-connected iarch . ¢

tecture. The contributions of this paper can be summariged a @

follows. St
1) Inspired by the idea of SIC derived for multi-user signal E— : o

detection[[15], we propose to decompose the total achievabl 7’ 46} o> °

rate optimization problem with non-convex constraint® iat
. . I . . Multiple data
series of simple sub-rate optimization problems, each a€lvh g coms

Sub-antenna

&

only considers one sub-antenna array. Then, we can maximize Array N
the achievable sub-rate of each sub-antenna array one by one .| Baseband -+ RF Chain N |+®- K
. . . Processing o
until the last sub-antenna array is considered. >
L . PA S~
2) We prove that maximizing the achievable sub-rate of each Digital Precoder Analog Precoder M antennas

sub-antenna array is equivalent to seeking a precodingwvect
which has the smallest Euclidean distance to the unconsttai
optimal solution. Based on this fact, we can easily obta@ tlfig. 1. Two typical architectures of the hybrid precodingrimwave MIMO
optima precoding vector for each sub-antenna arfay. /%1% (9 Cby comectd achtccrs uhere each il s comects

3) We further propose a low-complexity algorithm to realiz@onnected to only a subset of BS antennas.
the SIC-based precoding, which avoids the need for singular
value decomposition (SVD) and matrix inversion. Complexitfully-connected architecture requir@é* )/ phase shifters. To
evaluation shows that the complexity of SIC-based preapdifully achieve the spatial multiplexing gain, the BS usually
is only about 10% as complex as that of the spatially sparsgnsmitsN independent data streams to users employing
precoding [[6] in typical mmWave MIMO systems, while itreceive antenna$][3].
can still achieve the near-optimal performance as verifigd b In the sub-connected architecture as shown in Fig. 1
simulation results. (b), N data streams in the baseband are precoded by

It is worth pointing out that to the best of the authorsthe digital precoderD. In cases where complexity is a
knowledge, our work in this paper is the first one that contsideconcern, D can be further specialized to be a diago-
the hybrid precoding design with sub-connected architectu nal matrix asD = diag[dy,ds, -+ ,dy], whered,, € R for

The rest of the paper is organized as follows. Sedfidn # = 1,2,--- , N [3]. Then the role ofD essentially performs
briefly introduces the system model of mmwWave MIMOsome power allocation. After passing through the corredpon
Sectior Il] specifies the proposed SIC-based hybrid pregpdi ing RF chain, the digital-domain signal from each RF chain is
together with the complexity evaluation. The simulatiosules  delivered to only)M phase shifters [16] to perform the analog
of the achievable rate are shown in Sectfonl IV. Finallpgrecoding, which can be denoted by the analog weighting
conclusions are drawn in Sectibg V. vectora,, € CM*1, whose elements have the same amplitude

Notation Lower-case and upper-case boldface letters dendtev'M but different phases$ [16]. After the analog precoding,
vectors and matrices, respectively)”, (-), (-)~', and each data stream is finally transmitted by a sub-antenng arra
|-| denote the transpose, conjugate transpose, inversion, ®idh only M antennas associated with the corresponding RF
determinant of a matrix, respectively;||, and ||-|, denote chain. Then, the received signal vectoe= [y1,y2, - - -, yx]”
thel,- andl,-norm of a vector, respectivelyj;|| . denotes the at the user in a narrowband systEman be presented as
Frobenlus_ norm of a matri®Re{-} andIm{-} denote the re_al y = pHADs + n = pHPs + n, 1)
part and imaginary part of a complex number, respectively;
E(-) denotes the expectation; Finall, is the N x N identity Wherep is the average received powd; € C* >V denotes
matrix. the channel matrix,A is the NM x N analog precoding

matrix comprisingN analog weighting vectorf?‘z?nm}fi:1 as

Il. SYSTEM MODEL aZ 0 ... 0

Fig. 1 illustrates two typical architectures for hybrid pre 0 a 0
coding in mmWave MIMO systems, i.e., the fully-connected A= . ) . ; (2)
architecture as shown in Fig. 1 (a) and the sub-connected : R
architecture as shown in Fig. 1 (b). In both cases the BS has 0 0 ... anv Jyuyxn

N M antennas but onlyv RF chains. From Fig. 1, we observe | o
While mmWave systems are expected to be broadband as inyoi&r2],

tha_‘t _the sulb-cor.mected architecture will Iikely be more_rgm the narrowband system can be regarded as a reasonable djpst T8ie
efficient, since it only require®’ M phase shifters, while the extension to broadband system is an interesting topic oféutvork.

(b)



s = [s1,89, -, sn]7 represents the transmitted signal vectok. Structure of SIC-based hybrid precoding

. oy 1 .
in the baseband, and usual(ss”) = yLy is assumed The final aim of precoding is to maximize the total achiev-

for the normalized signal powel][6P = AD presents the .
hybrid precoding matrix of sizeVM x N, which satisfies able rate 2 of mmWave MIMO systems, which can be
expressed as 6]

|P||- <N to meet the total transmit power constraint [6].
Finally, n = [n1,ns,- - -, ny]? is an additive white Gaussian
noise (AWGN) vector, whose entries follow the independent

and identical distribution (i.1.d FA(0, o°). According to the system model (1) in Section I,

It is known that mmWave chann&l will not likely follow . . . .
the rich-scattering model assumed at low frequencies due>loce the hybrid precoding matri® can be represented
asP = AD = diag{a;, - ,an} -diag{ds, - ,dn}, there

the limited number of scatters in the mmWave prorogation ; .
. . . re three constraints for the designI®f
environment[[2]. In this paper, we adopt the geometric Saleft
Valenzuela channel model for mmWave communicationSpnstraint 2 P should be a block diagonal matrix similar to
which was also used in related work [N [17] as the form of A as shown in (2), i.eP = diag {pP1, - , P~}
I where p,, = d,a,, is the M x 1 non-zero vector of thez%h
H =Y o, (6],67) Ay (¢].07) £, (o7, 67) £ (¢}.0F),  columnp, of P, i.e..pn = [01xa1(n—1); Prs Orxar(nv—n)]
1=1

P
No?

R = log, (‘IN n HPPHHHD . ©6)

(3) Constraint 2 The non-zero elements of each columnf
should have the same amplitude, since the digital precoding
matrix D is a diagonal matrix, and the amplitude of non-zero
elements of the analog precoding matixis fixed to1/+/M;

wherey = |/ &K is a normalization factot, is the number

of effective channel paths corresponding to the limited bem
of scatters, and we usually hate< N for mmWave commu-
nication systemsq; € C is the gain of thelth path.¢! (/) Constraint 3 The Frobenius norm ofP should satisfy
andg; (¢7) are the azimuth (elevation) angles of departure an@®|| . < N to meet the total transmit power constraint.

arrival (AoDs/A0As), respectively\, (¢}, 67) and A, (¢}, 07) _
denote the transmit and receive antenna array gain at dispeci Unfortunately, these non-convex constraints Bnmake

AoD and AoA, respectively. For simplicity but without |Ossmaximizing the total achievable ratel (6) very difficult to be
of generality, A; (¢}, 6%) and A, (¢7,67) can be set as Onesolved. However, based on the special block diagonal streict

within the range of AoDs/AoAs [18]. Finallyt, (¢!, 6!) and of the hybrid pr_ecoding matriP, we can observg that the
f, (¢7,07) are the antenna array response vectors depend chmg on different sub-antenna arrays are independent
on the antenna array structures at the BS and the user, fesa— S INSPIFES us to decompo'_se t.he total achievable Ete.(G)
tively. For the uniform linear array (ULA) with elements, into a series of sub-rate optimization problems, each othvhi
the array response vector can be presentef as [13] only considers one sub-antenna array. _ _
. In particular, we can divide the hybrid precoding matrix
fura (¢) = L 1,ed 5 dsin(@) .7€j(U71)27"dsin(¢)} 7 P asP = [Py_1 pn|, Wherepy is the Nth column of P,
VU @ andPy_; is an NM x (N — 1) matrix containing the first
. , N —1)col fP. Then, the total achievabl i
where \ denotes the wavelength of the signal, ahds the ( ) columns o en, the total achievable raizin (8)

: can be rewritten as
antenna spacing. Note that here we abandon the subscripts

{t,r} in @) and we allso. do not include in (@) singe the p _ log, (‘IN LP HPPHHHD
ULA response vector is independent of the elevation angle. No?

Additionally, when we consider the uniform planar array = log, (‘IN—F p2
(UPA) with W, and W5 elements ;W5 = U) on horizon Ng
and vertical, respectively, the array response vector @n b = 10g, (’IN + ——HPy_P§_ H"

2
given by [13] No

H[Py-1 pn][Py-1 pa]"HY)

1 +ygaHPy ngHD
fupa (6,0) = —— [17 oo | eI Fd(wsin(4) sin(6)+y cos(0)) »
VU . = logy (|Tn-1]) + log, (‘IN + #T]_Vl_alpr,HHD
. I EEA((W1—1)sin(9) sin<e>+<w271>cos<e>>} ®) -
¢ ' Zlogy (ITy-a]) + logy (1425 pHHI TR Hpy )
®) No )
where0 <z < (W7 —1) and0 <y < (W, — 1).

where (a) is obtained by defining the auxiliary ma-

trix Ty_1 =1y + 72z HPy_PX_HY, and (b) is true

[1l. SIC-BASED HYBRID PRECODING FOR MMNAVE due to the fact that|I+ XY|=|I+YX| by defining
MIMO SYSTEMS X = Ty' ;Hpy andY = p¥H”. Note that the second term

In this section, we propose a low-complexity SIC-basddg, (1 + ﬁpJ{I,HHT]_Vl_IHpN) on the right side of[{]7) is
hybrid precoding to achieve the near-optimal performambe. the achievable sub-rate of th€th sub-antenna array, while
evaluation of computational complexity is also provided tthe first termlog, (|Tx_1|) shares the same form &gl (6).
show its advantages over current solutions. This observation implies that we can further decompose



log, (|Tny-1]) using the similar method if]7) as whereR = [ Onrunrn-1) In Onrsar(nv—n) | is the cor-

P Hroel responding selection matrix.
logs (T —2[)+log; (1+N02pN*1H TN*2HPN—1)' Define the singular value decomposition (SVD) of the
Then, afterN' such decompositions, the total achievable rafgérmitian matrixG,,—; as G- = VEVH,.whereZ) is an
R in (@) can be presented as M x M diagonal matrix containing the singular values of

N G,_1 in a decreasing order, an¥ is an M x M unitary
P HyyHm—1 matrix. It is known that the optimal unconstrained precgdin
R=Y"1 (1 L pHHAT ! H n) 8 _ _ . " pres
; o2 {1+ No2Pr n-1HP ®) vector of [10) is the first columw; of V, i.e., the first right
singular vector ofG,,_; [6]. According to the constraints

No? ) V- mentioned in SectiofIl-A, we cannot directly choopg
From [8), we observe that the total achievable rate optitioiza asv, since the elements of, do not obey the constraint of

problem can be transformed into a series of sub-rate OpiMiZ,me amplitude (i.eConstraint 3. To find a practical solution
tion problems of sub-antenna arrays, which can be optimizgdiho sub-rate optimization problefi{10), we need to furthe

one by one. After that, inspired by the idea of SIC for mum(‘:onvertDJJ) into another form, which is given by the follogi
user signal detectiorl [15], we can optimize the achievab,{goposition 1

sub-rate of the first sub-antenna array and update the matrix

T,. Then, the similar method can be utilized to optimizEroposition 1. The optimization probleni{10)

the achievable sub-rate of the second sub-antenna arrely. Su oot T T
procedure will be executed until the last sub-antenna array Py’ = argmaxlog, (1 TN 2P anlpn)
is considered. Fig. 2 shows the diagram of the proposed SIC- pr€”

based hybrid precoding. Next, we will discuss how to optamizs equivalent to the following problem

the achievable sub-rate of each sub-antenna array.

where we haveT',, = Iy + 2 HP,PZH” and T, = Iy.

— . - 12

Py = argmin [vi — Bal; (12)
pnEF

Sub-antenna array 1

|
Sub-antenna array 2 i Sub-antenna array N
|

! — wherev, is the first right singular vector ofs,,_.
o s o >

| Proof: See Appendix A. [ |
| H i __ Proposition 1 indicates that we can find a feasible pre-
Optimize the Optimize the .. 1 | Opiimize e coding vectorp,,, which is sufficiently close (in terms of
sub-rate sub-rate ! sub-rate . . . . .
} Euclidean distance) to the optimal but unpractical pretgdi
Py P i Py vectorv;, to maximize the achievable sub-rate of tit sub-

antenna array. Sincp,, = d,a,, according to[(l1), the target

— 2 .
vy — in (I2) can be rewritten as
Fig. 2. Diagram of the proposed SIC-based hybrid precoding. H ! p””2 )

Ivi = Bl

B. Solution to the sub-rate optimization problem
= (vi — dpan)? (vi — d,a,)

In this subsection, we focus on the sub-rate optimization

problem of thenth sub-antenna array, which can be directly =viv, +d?afa, — 2d,Re (vfﬁn)
applied to other sub-antenna arrays. Accordingto (8), tie s (a) 5 oo
rate optimization problem of theth sub-antenna array by = 1+4d; —2d,Re (v1'a,)
designing thenth precoding vectop,, can be stated as = (dn —Re (vffan))Q 4 (1 — [Re (vffan)f) . (13)
opt __ p H
Pn = aﬁ?ﬁx log, (1 T NozPn G"_lp") O here (a) is obtained based on the facts thftv; = 1 and

h is defined Hroe1 is th alla, =1, sincev; is the first column of the unitary matrix
whereG,, _, is defined asa,, , = H'T,~,H, 7 is the Set v 504 each element af, has the same amplitude/v/A7.

n
of all feasible vectors satisfying the three constraintscdbed From [I3), we observe that the distance between
P, and v; consists of two parts. The first one is

in Section 1llI-A. Note that thenth precoding vectorp, -

e o Tt G e Threfora. he abrate optmivatiodth ~ e (¥I'8:))%, which can be minimized to zero
K : ' P by choosing d, =Re(v{’a,). The second one is

(1—[Re(v{’5n)}2), which can be minimized by

problem [®) can be equivalently written as

poPt — arg max log, (1 + #prnqpn) g (10) maximizing |Re (v{’a,)|. Note that botha, and v;
- Pr€” have a fixed power of one, i.ev’v; =1 andafa, = 1.

where 7 includes all possiblél/ x 1 vectors satisfyindCon-  Therefore, the optimai°rt to maximize|Re (Vflan” is

straint 2 and Constraint 3 G,,_; of size M x M is the

corresponding sub-matrix d&,,—; by only keeping the rows FOPt — Lejangle(vl) (14)

and columns ofG,,_; from the (M (n — 1) + 1)th one to the " VM '

(Mn)th one, which can be presented as where angle(vy) denotes the phase vector of, i.e., each

G,..1=RG,;R¥ =RHY”T ' HR”, (11) element ofa®P* shares the same phase as the corresponding



element ofv;. Accordingly, the optimal choice afoP* is Input: (1) Gp_1;
n o (0).
5 _ 1 nele(y vl (2) Initial solutionu'Y/;
;P =Re (Vflan) :—\/MRG (Vflej lel 1)) :—ml- (3) Maximum number of iteratior$
(15) for 1 <s< S
Based on[(14) and(15), the optimal solutip§P*® to the opti- 1) z) = G,,_juls—V
mization problem[{12) (or equivalentlff {1L0)) can be obtding 2) m(® = argmax |z
by )
=0 opt =0 1 jangle(v 3 |f 1 < < 2
pnpt = dnptanpt = M”VIHleJ gle( ])' (16) ) n(_s) S:_m(s)
It is worth pointing out thatr; is the first column of the uni- else O ne=2)_ (e DY?
tary matrixV, each element; of v, (fori =1,---, M) has n(®) = s
the amplitude less than one. Therefore, we H@g"ﬂg <L end if -
Note that for all sub-antenna arrays, the optimal solutign 4)u®) = 6
pot for n =1,2,---, N have a similar form. Thus, we can| end for
conclude that Output: (1) The largest singular valug, = n((ss))
opt 112 . _o o 2 2) The first singular vectov; = 52—
[Bort 3, = [lding {57, B[ < N D) @ ¢ P

which demonstrates that the total transmit power congtrain Algorithm 1. Power iteration algorithm

(Constraint J is satisfied.

After we have acquiredp®* for the nth sub-antenna
array, the matricesT,, = Iy + :2-HP,PYH” (@) and
G, =RHAT 'HRY” () can be updated. Then, the,
method described above for theh sub-antenna array can
be reused again to optimize the achievable sub-rate of
(n + 1)th sub-antenna array. To sum up, solving the sub-r
optimization problem of theith sub-antenna array consists oag
the following three steps.

computev; as well as the largest singular valtle of G,,_;
with low complexity.

More specifically, as shown by the pseudo-codeAlgo-
ithm 1, the power iteration algorithm starts with an initial
olutionu® e CM*1 which is usually set afl, 1,---,1]"
fthout loss of generality [19]. In each iteration, it firstro-
fites the auxiliary vecter® = G,,_u*=Y (s is the number
f iterations) and then extracts the elementzdf having
the largest amplitude as:(*). After that, u'®) is updated
Step 1 Execute the SVD ofG,,_; to obtainvy; as ul®) = ;jf; for the next iteration. The power iteration
algorithm will stop until the number of iterations reachhe t
predefined numbef. Finally, m(¥) and u'®)/|[ul||, will
be output as the largest singular valtg and the first right
Step 3 Update matricesT,, = Iy + 2;HP,PYH* and singular vectorv; of G,,_;, respectively.

G, = RHAT, 'HR" for the next(n + 1)th sub-antenna  According to [19], we know that
array.

s E2 °

Note that although we can obtain the optimal solutji* m™) =%, {1 +0 ((E_1> >] , (18)
by the method above, we need to compute the SVIRQf ; ) , _
(Step )} and the matrixG,, (Step 3 involving the matrix where ¥, is the second largest smg_ular value 6f, 1.
inversion of large size, which leads to high computation&fom [18), we can conclude that(*) will converges to%;
complexity as well as high hardware complexity. To this en@S 10ng as # . Similarly, whenX; # X, ul®/[[u®]],
next we will propose a low-complexity algorithm to obtainVill also converge tovy, i.e.,

poPt to avoid the complicated SVD and matrix inversion.

Step 2Let poPt = i ||vy |, e/28(V1) as the optimal solution
to the currenthth sub-antenna array;

u(s)

lim m® =%;, lim V1. (29)

5—00 §—00 Hu(S)HQ -
C. Low-complexity algorithm to obtain the optimal solution Although the power iteration algarithm is convergent, its

We start by considering how to avoid the SVD i”V°|Vi”Q:onvergence rate may be slow 3, ~ ¥, based on[{18).
high computational complexity as well as a large number 6 solve this problem, we propose to utilize the Aitken
divisions, which are difficult to be implemented in hardwareycceleration method [20] to further increase the convergen
We can observe frortep 1that the SVD ofG,, 1 does not rate of the power iteration algorithm. Specifically, we can
need to be computed to acquide and V, as only the first compute

columnv; of V is enough to obtairp?t. This observation

inspires us to exploit the simple power iteration algoriffig], n(*) =m(), , forl<s<2, 20
which is used to compute the largest eigenvalue and the mImE (D) e < s < S (20)
corresponding eigenvector of a diagonalizable matrixc&in

G,,_1 is a Hermitian matrix, it follows that: 1§,_, is also Then, u'® and ¥, will be correspondingly changed to
a diagonalizable matrix; 2) The singular values (right slag u®) = % and¥; = n(¥, respectively.

vectors) ofG,,_; are same as the eigenvalues (eigenvectors)Next, we will focus on how to reduce the complex-

Therefore, the power iteration algorithm can be also @ilio ity to compute the matricesl’,, = Iy + ﬁHPnPf{HH

() —
n M —2mG- D mG-2



and G,, = RHE T, 'HR*, which involve the complicated can similarly obtain the optimal hybrid combining mati@x
matrix-to-matrix multiplication and matrix inversion ofrige by referring to Algorithm 2, where the inputG, and the
size. In particular, with some standard mathematical manipoptimal unconstrained solutiom; should be correspondingly
lations, the computation d,, can be significantly simplified replaced. Conversely, when the number of RF chains at the
as shown by the followingProposition 2. BS is larger than that at the user, we can assiime I and
Proposition 2. The matrix G, — RHYT-'HRY, where obtain the optimal hybrid combining matriQ. After that,

L the optimal precoding matriP can be acquired given the
_ P HyyH
T =In + yezHP, P, HY, can be simplified as effective channel matriQH. Additionally, to further improve

& ~G oz Eivivy 21 the performance, we can combine the above method with
[ 2221 21)  the “Ping-pong” algorithm[[16], which involves an iteratio

procedure between the BS and the user, to jointly explore the
optimal hybrid precoding and combining matrices pair. rert
discussion about hybrid combining will be left for our fugur
Proof: See Appendix B. m work.
Proposition 2 implies that we can simply exploi; and
v, that have been obtained b§lgorithm 1 as described E. Complexity evaluation
above to updaté,,, which only involves one vector-to-vector In this subsection, we provide the complexity evaluation
multiplication instead of the complicated matrix-to-niatr of the proposed SIC-based hybrid precoding in terms of the
multiplication and matrix inversion. Note that the evaloatof  required numbers of complex multiplications and divisions
computational complexity will be discussed in detail in 8@t From Algorithm 2, we can observe that the complexity of
lI-E. SIC-based hybrid precoding comes from the following four
parts:
D. Summary of the proposed SIC-based hybrid precoding _ 1) The first one originates from the computation of
= RH”HR" according to[(1l1). Note thaR is a selec-

. ; .___fion matrix andH has the size< x N M. Therefore, this part
proposed SIC-based hybrid precoding can be summarize al\rj’(])lvesKM2 times of multiplications without any division.

s : . |
Algorithm 2, which can be explained as follows. The propose 2) The second one is from executidgorithm 1. It can be

S_IC-based hybrid prepodlr}g sta_rts by computing the Iarg%%served that in each iteration we need to compute a matrix-
singular valueX; and first right singular vectov, of G,,_1,

- iplicationz(®) = G (s—1) i
which is achieved byAlgorithm 1. After that, according to tq vector mult|pI|_cat|onz Gn1u together with _the
; . : Aitken acceleration metho{R0). Therefore, we totallyuieg
Section 111-B, the optimal precoding vector for thah sub- 9 . L
; e : S (M?+2) —4 and (25 — 2) times of multiplications and
antenna array can be obtained by utilizmg Finally, based

I = : .. divisions, respectively.
on Proposition 2, G,, can be updated with low complexity o L . .
for the next iteration. This procedure will be executed lunti 3) The third one stems from acquiring the optimal solution

opt i 1 i
the last (Vth) sub-antenna array is considered. Finally, aftdpr " step 2 ofAlgorithm 2. We can find that this part

N iterations, the optimal digital, analog, and hybrid preingd is quite simple, which only needs 2 times of multiplications

matrix D, A, andP can be obtained, respectively. ;V':sgét ?ggsg\:f fon, sincev; has been obtained ar th IS

4) The last one comes from the update®j. According to
Proposition 2, we know that this part mainly involves a outer
productv;v. Thus, it requires\/? times of multiplications
with only one division.

To sum up, the proposed SIC-based hybrid precoding ap-
proximately requires\/? (NS + K) times of multiplications
and 2N S times of divisions. It is worth pointing out that
the recently proposed spatially sparse precoding [6] requi
O (N*M + N2L? + N*M?L) times of multiplications and

where}; andv; are the largest singular value and first right
singular vector ofG,,_1, respectively.

Based on the discussion so far, the pseudo-code of

Input: Gg
fori<n<N ~
1) Computev; and¥; of G,,_; by Algorithm 1

2) ﬁ%pt _ 1 ejamgle(vl)’ d%pt _ H\\;%l’
[vi][,e7eneletv) - (T2)-(I8)
2 H

3)G,=G,_1 —% (Proposition 2)
end for N

B

sopt
=

S

Output: (1) D = diag {d{™, - ,d¥"}
(2) A = diag {a$™, - ,a%"}
(3)P = AD

Algorithm 2: SIC-based hybrid precoding

O (2N?®) times of divisions, whereL is the number of
effective channel paths as defined (3). Considering the
typical mmWave MIMO system witlv = 8, M = 8, K = 16,

L = 3 [6], we can observe that the complexity of SIC-based
hybrid precoding is about x 103 times of multiplications and

It is worth pointing out that the idea of SIC-based hybrid0? times of divisions, where we sét = 5 that is enough to
precoding can be also extended to the combining at the ugeilarantee the performance as will be verified in Section IV.
following the similar logic in [6]. When the number of RFBy contrast, the complexity of the spatially sparse preegdi
chains at the BS is smaller than that at the user, we fiistabout5 x 10* times of multiplications and 03 times of
compute the optimal hybrid precoding mati#xaccording to divisions. Therefore, the proposed SIC-based hybrid mhecp
Algorithm 2, where we assume that the combining matrignjoys much lower complexity, which is only about 10% as
Q =1. Then, given the effective channel matrlIP, we complex as that of the spatially sparse precoding.
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Fig. 3. Achievable rate comparison for %M x K = 64 x 16 (N = 8)

Fig. 4. Achievable rate comparison for ahM x K = 128 x 32 (N = 16)
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mmWave MIMO system.

IV. SIMULATION RESULTS system with NAM x K =128 x 32 and N = 16, where we

In this section, we provide the simulation results of thean observe similar trends as those from Fig. 3. More impor-
achievable rate to evaluate the performance of the propodeatly, Fig. 3 and Fig. 4 show that the performance of SIC-
SIC-based hybrid precoding. We compare the performarfe@sed hybrid precoding is also close to the spatially sparse
of SIC-based hybrid precoding with the recently proposdfecoding and the optimal unconstrained precoding witlyful
spatially sparse precodin@l[6] and the optimal unconstginconnected architecture. For example, when SNR = 0 dB, our
precoding based on the SVD of the channel matrix, whighethod can achieve more than 90% of the rate achieved by
are both with fully-connected architecture. Additionallye the near-optimal spatially sparse precoding in both sitedla
also include the conventional analog precoding and thenapti mmWave MIMO configurations. Considering the low energy
unconstrained precoding (i.3* = v;) which are both with consumption and computational complexity of the proposed
sub-connected architecturie [21] as benchmarks for comparlC-based hybrid precoding as analyzed before, we careiurth
son. conclude that SIC-based hybrid precoding can achieve much

The simulation parameters are described as followgetter trade-off among the performance, energy consumptio
We generate the channel matrix according to the chan@&d computational complexity.
model [17] described in Sectidnl Il. The number of effec- Fig. 5 provides a achievable rate comparison in mmWave
tive channel paths id = 3. The carrier frequency is set asMIMO systems against the numbers of BS and user antennas,
28GHz [10]. Both the transmit and receive antenna arrays avbere NA/ = K and the number of RF chains is fixed to
ULAs with antenna spacing = /2. Since the BS usually NV = 8. We can find that the performance of the proposed
employs the directional antennas to eliminate interfezeanud  SIC-based hybrid precoding can be improved by increasiag th
increase antenna gain [2], the AoDs are assumed to follow thember of BS and user antennas, which involves much lower
uniform distribution within[—Z, Z]. Meanwhile, due to the energy consumption than increasing the number of energy-
random position of users, we assume that the AoAs follow tlirtensive RF chains [13].
uniform distribution within[—m, 7], which means the omni- Fig. 6 shows the achievable rate comparison against the
directional antennas are adopted by users. Furthermorsgtvenumbers of user antennds, where NM = 64 and N = 8.
the maximum number of iterationS = 5 to run Algorithm  We can imply from Fig. 6 that the performance loss of SIC-
2. Finally, the signal-to-noise ratio (SNR) is defined &s based hybrid precoding due to the sub-connected archigectu

Fig. 3 shows the achievable rate comparison in mmWagan be compensated by increasing the number of user antennas
MIMO system, whereNM x K = 64 x 16 and the number K. For example, the achievable rate of SIC-based hybrid
of RF chains isN =8. We can observe from Fig. 3 thatprecoding whenK = 30 is the same as that of the spa-
the proposed SIC-based hybrid precoding outperforms thially sparse precoding whefi = 20. Note that in this case,
conventional analog precoding with sub-connected arctiite the required number of phase shifters of SIC-based hybrid
in whole simulated SNR range. Meanwhile, Fig. 3 also verifiggecoding isNM = 64 and each RF chain only needs to
the near-optimal performance of SIC-based hybrid preapdirdrive 8 BS antennas, while for the spatially sparse precpdin
since it can achieve about 99% of the rate achieved by tthe number of required phase shifters \&M = 512 and
optimal unconstrained precoding with sub-connected schi each RF chain has to drive 64 BS antennas. By contrast,
ture. the cost of increasing the number of user antenRasvill

Fig. 4 compares the achievable rate in mmWave MIM®e negligible since the power consumption of user antenna
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is usually small [[1B]. Therefore, we can conclude that tt]ﬁ
proposed SIC-based hybrid precoding is more energy—erﬁici?0

and implementation-practical.

V. CONCLUSIONS

In this paper, we proposed a SIC-based hybrid precoding

inversion. Complexity evaluation showed that the compyexi

of the proposed SIC-based hybrid precoding is only about
10% as complex as that ot the recently proposed spatially
sparse precoding with fully-connected architecture indsip
mmWave MIMO system. Simulation results verified the near-
optimal performance of SIC-based hybrid precoding, and
implied that the performance loss induced by sub-connected
architecture can be compensated by increasing the number of
antennas. This may be a reasonable tradeoff versus intgeasi
the number of phase shifters as required in the fully-cotatec
architecture. Our further work will focus on the limited tke
back scenario, where the channel state information may be no
perfect and the angles of phase shifters are quantified.

APPENDIXA
PROOF OFPROPOSITION1

Define the target of the optimization probleml(10) as

_ P _HA —
R, =log, (14 755 Gu1Ba)
and the SVD ofG,,_; asG,_; = VEV#. Then, by sepa-

rating the matrice® andV into two parts:

(22)

== % s vemva @
R, in (22) can be rewritten as
Ry, = log, (1+ <5pH Gibn )
= log, (1 + ﬁﬁfVEVHﬁn)
= log, (1 + #
xpy [v1 V] { 201 2(3)2 ] (V1 V2]Hf)n)
= log, (1 + NPGQ pviTivipn
Bl Vo s, VY Bn) (24)

Since we aim to find a vectqs,, sufficiently “close” tovy,

s reasonable to assume th@at is approximately orthogonal
the matrix Vs, i.e., p/Vy, ~ 0 [6]. Then, [2%) can be
simplified as

pX1 _ _
R, ~log, (1 + Wpfvlvflpn)

with sub-connected architecture for mmwave MIMO systems. (@) log (1 i Py )

We first showed that the total achievable rate optimization 2 No?

problem with non-convex constraints can be decomposed into PN -1 PN von

a series of sub-rate optimization problems, each of which  +logy {1 — <1 + NUQ) No2 (1=pvivi' D)
only considers one sub-antenna array. Then, we proved that 5

the sub-rate optimization problem of each sub-antennag arra () P21 —H_ . H=

can be solved by simply seeking a precoding vector suffi- ~ log, (1 + Ncr?) log, (p" vivi p") (25)
ciently close to the unconstrained optimal solution. Hinal ) ) _

a low-complexity algorithm was proposed to realize Sld’-\’here (a) is  obtained b¥ using the formula
based precoding without the complicated SVD and matrkt+ XY = (I+X) (I -(I+X) X(I- Y)) [6], where



we defineX = 221 andY = pivivilp,; (b) is valid by Note that in Section 1lI-B, we have obtained the optimal

N
employing the high SNR approximation [22], i.e., solutionpSPt which is sufficiently close tor;. Thus, [32) can
1 be well approximated by replacing, with v; as
P PEL) PR (26) ~ HE
No2 No2 -~ c—; G N%anll_)nl_)n anl
o ) ) n — YUn—-1— P —H —
From [25), we can observe that maX|m|Z|Rg is equivalent 1 +_Ngz P Gn—_lpn
to maximizingpZ vivip, = ||pZ v1||2, the square of inner o 7z Gnoavivi Gy
product between two vectors,, and v;. Note thatv; is a nt 14 N”zvflén,lvl
fixed vector. Therefore, exploring a vectpy,, which has the Y 72y
o . . © Ngz tvivy!
largest projection orvy, will lead to the smallest Euclidean =Gpo1— 11y, (33)
distance tov; as well. Based on this fact, we can conclude that No? ~1

the optimization problen(10) is equivalent to the follogrin where (a) is true due to fact thav{’G,,_; = ¥,vH, since
problem G,,—1 IS an Hermitian matrix. [ |
_ . -
P, = argmin ||vi — pnl5 . (27)
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