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Abstract

The application of hybrid precoding in millimeter wave (mmWave) multiple-input multiple-output
(MIMO) systems has been proved effective for reducing the number of radio frequency (RF) chains.
However, the maximum number of independent data streams is conventionally restricted by the number
of RF chains, which leads to limiting the spatial multiplexing gain. To further improve the achievable
spectral efficiency (SE), in this paper we propose a novel generalized spatial modulation (GenSM) aided
mmWave MIMO system to convey an extra data stream via the index of the active antennas group,
while no extra RF chain is required. Moreover, we also propose a hybrid analog and digital precoding
scheme for SE maximization. More specifically, a closed-form lower bound is firstly derived to quantify
the achievable SE of the proposed system. By utilizing this lower bound as the cost function, a two-step
algorithm is proposed to optimize the hybrid precoder. The proposed algorithm not only utilizes the
concavity of the cost function over the digital power allocation vector, but also invokes the convex
{~ relaxation to handle the non-convex constraint imposed by analog precoding. Finally, the proposed
scheme is shown via simulations to outperform state-of-the-art mmWave MIMO schemes in terms of

achievable SE.
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I. INTRODUCTION

The concept of millimeter wave (mmWave) communication has been widely acknowledged
to be an effective approach to substantially improve the system throughput for 5G telecom-
munication networks [[I]]-[3]. More specifically, the available bandwidth of mmWave frequency
ranging from 30 to 300 GHz is orders of magnitude wider than the available bandwidth in today’s
cellular networks operating in microwave bands, which is capable of enabling transmission rates
of multi-gigabits per second (Gbps) and meet the 1, 000-fold capacity gain required by future
5G telecommunications [4][5].

In order to compensate for the severe free-space pathloss of mmWave signals, mmWave
communication is usually combined with multiple-input multiple-output (MIMO) systems and
invokes precoding to overcome the pathloss and improve the signal-to-noise ratio (SNR) at the
receiver end [6]-[8]]. Conventional precoding schemes are usually operated entirely in the digital
domain, i.e. a full-digital precoder, in which each antenna is equipped with a dedicated radio
frequency (RF) chain. Due to the high energy dissipation and cost of the RF chains [9], the
application of such full-digital precoding schemes can be quite disadvantageous.

In order to address this issue, it has been recently reported in [10]-[13] to employ the novel
hybrid precoding schemes for reducing the number of RF chains, in which a digital precoder
is used to simultaneously adjust the transmitted symbols’ phases and amplitudes, and an analog
precoder is invoked for phase-shifting the RF-domain signals. More specifically, in [[10] and [LT]],
compressive sensing (CS) based approaches were exploited for the hybrid precoder designs,
of which the performance was shown to be close to the full-digital waterfilling benchmark.
Note that the schemes in [10] and employed a full-connected architecture, i.e. each RF
chain is simultaneously connected to all the antennas, which incurred high insertion loss and
massive computational complexity in a massive MIMO context. To address this issue, in
and [13l], hybrid precoders with sub-connected architectures were proposed, which provided a
more favorable tradeoff between the hardware complexity and the achievable performance.

It is worth noting that, in the previous RF-chain-limited precoding schemes for mmWave
MIMOs (including full-digital and hybrid precoding schemes), the maximum number of in-

dependent data streams available at the transmitter is restricted by the number of RF chains,



which therefore limits the attainable spatial multiplexing (SMX) gain. To further explore the
possibilities of increasing SMX gain in an RF-chain-limited mmWave system, mmWave MIMO
has been recently combined with the concept of spatial modulation (SM) and generalized SM
(GenSM) in [14]-[17]. SM/GenSM is a novel extension of the conventional MIMO techniques, in
which only a subset of antennas are randomly activated by the input information to transmit the
classic amplitude-phase modulation (APM) symbols [18]-[23]]. The information in SM/GenSM
systems is not only transmitted by the APM symbols (APM-domain information), but is also
conveyed by the indices of the active antennas (space-domain information). As the space-domain
information does not require an extra RF chain, it is thus possible to employ SM/GenSM for
improving the achievable spectral efficiency (SE) of RF-chain-limited mmWave MIMOs.

More specifically, in and [I5]], the applications of space shift keying (SSK) and
GenSM for indoor line-of-sight (LoS) channels were investigated, where the authors proposed
to elaborately design the spacing of the antennas for performance optimization. In [[16]], the
application of analog beamforming (ABF) in GenSM-aided mmWave MIMO systems was ex-
plored. It was shown by [[16] that, aided with ABF, the constrained capacity of the proposed
system had the potential to approach the unprecoded MIMO capacity in low SNR regions, while
maintaining a reduced-RF-chain structure. However, the preceding research on GenSM-aided
mmWave MIMOs [14]]-[16] all failed to fully exploit the transmitter’s knowledge of the channel
state information (CSI), hence their achievable rates were far worse than the optimal MIMO
capacity achieved by waterfilling precoding [23]]. Although considered the issue of analog
precoding for GenSM-aided mmWave MIMO, the performance was still far from optimal due
to the lack of digital precoding.

In fact, to the best of the authors’ knowledge, the design of hybrid precoding in a GenSM-aided
mmWave MIMO scenario has not been explored yet. Therefore it is of paramount importance
to develop an efficient hybrid precoding scheme for GenSM-aided mmWave MIMOs in terms
of SE maximization.

In this context, the major contributions of our paper can be summarized as follows.

1) We extend the sub-connected hybrid precoding structures originally proposed in [12]J[13]],
and propose our novel GenSM-aided mmWave MIMO scheme. Different from the con-
ventional mmWave schemes, an extra data stream can be modulated in our system without
requiring any extra RF chains, which leads to increasing the degrees of spatial freedom.

More importantly, our proposed system is a more generalized sub-connected mmWave



MIMO structure, and the conventional sub-connected structures in and are
conceived as special cases when the space-domain information transmission is removed
from our structure.

2) Due to the prohibitive complexity required for evaluating the achievable SE of the proposed
system, in this paper we propose a closed-form SE lower bound, which significantly reduces
the computational complexity for SE analysis. The proposed SE bound is also shown to
provide an accurate approximation to the true SE, when a constant shift is applied.

3) By utilizing the proposed bound as a low-complexity cost function, we propose a two-step
algorithm to design the digital and analog precoders. More importantly, as the proposed
bound is proved to be a concave function of the digital precoder’s power allocation vector,
the digital precoder is therefore designed within the framework of convex optimization.
The optimization of the analog precoder’s coefficients is originally a problem with a non-
convex constraint, which is relaxed to a convex /., constraint and solved via a gradient
ascent method.

4) As the conventional hybrid precoding schemes with sub-connected structures can be treated
as special cases of the proposed framework (when the space-domain information transmis-
sion is removed), potential SE gain is thus achievable by the proposed, more generalized
structure. In fact, by optimizing the system configuration parameters, substantial SE gain
are observed via numerical simulations.

Note that part of the material of this paper has been submitted for peer review in [26]. The

major difference between this manuscript and [26] are:

1) The theoretical derivations and mathematical proofs of the theorems and propositions are
all presented in this paper, which were omitted for brevity in [26]].

2) The proposed algorithm for the hybrid precoder design is introduced with more technical
details in this paper, as opposed to [26]].

3) In this paper, we also discuss the convergence of the proposed algorithm as well as its
dependence on the initial points, which were again absent in [26]. We found that the
proposed two-step algorithm is very robust to the variation of initial points.

4) The complexity analysis is conducted in this paper, while the parameter optimization is

also presented with more simulation results in Section IV-F of this paper.

Therefore this paper should be treated as a substantial extension of the content in [26]].



The organization of this paper is introduced as follows. Section II introduces the system model
of our proposed GenSM-aided mmWave MIMO. Theoretical SE analysis is provided in Section
ITI. Section IV introduces our proposed two-step optimization algorithm. The simulation and
comparison results are provided in Section V, while Section VI concludes this paper.

Notations: The lowercase and uppercase boldface letters denote column vectors and matrices
respectively. The operators (-)7 and (-)* denote the transposition and conjugate transposition,
respectively. CN'(u, X)) denotes a circularly symmetric complex-valued multi-variate Gaussian
distribution with g and X being its mean and covariance, respectively, while CN (x; u, X2)
denotes the probability density function (PDF) of a random vector x ~ CA (u, X). My, ; is used
to denote the (i; 7) component of a matrix M. ||M]|| ¢ represents the Frobenius norm of M and
|M]| is the determinant. Iy denotes an N-dimensional identity matrix, and e,, € Ry represents

the n-th column of Iy. The /., norm of a vector a € Cy is defined as ||a||c = max,—1__n |ay|.

II. SYSTEM MODEL

The proposed GenSM-aided mmWave MIMO can be considered as a combination of the sub-
connected mmWave structure and the information-guided antenna-switching principle of
GenSM. In order to provide an intuitive demonstration, in Fig[Il we provide the block diagrams
of the conventional sub-connected mmWave MIMO scheme and our proposed scheme. For
the conventional sub-connected mmWave MIMO scheme in FiglIl (a), it can be seen that Ng
independent data streams are firstly processed by a diagonal digital precoder, which essentially
plays the role of power allocation. After the digital precoder, Ngr RF symbols are generated
with Ngr denoting the number of RF chains. The output of each RF chain is then assigned to
Nk sub phase shifters (PSs) for analog precoding. In this paper we denote the number of transmit
antennas (TAs) and receive antennas (RAs) as Nt and Vg, respectively. Therefore we have
N1 = NrpNgsw for the conventional sub-connected scheme in Fig[l] (a). According to Figlll (a),
it is required by the conventional sub-connected structure that Ng = Ngp, hence the potentially
attainable SMX gain is restricted by the number of RF chains.

In order to address this problem, in our proposed GenSM-aided mmWave MIMO system
depicted in FiglIl (b), an extra data stream, i.e. the space-domain data stream, is also modulated
in the transmitted signal. More specifically, the Ng data streams are also processed with a diagonal
digital precoder. Different from Fig[ll (a), the power allocation vector of the digital precoder is

simultaneously determined by the space-domain information input and the instantaneous CSI.
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Fig. 1. Block diagrams of (a) conventional sub-connected mmWave MIMO scheme and (b) proposed GenSM-aided mmWave
MIMO scheme.

Thanks to the high-speed and low-latency advantages of the baseband digital processing, this
space-information-guided digital precoding can be performed for each symbol’s transmission.
Moreover, the Nt TAs are divided into /Vy; antenna groups (AGs), each of which consists of Ng
TAs, hence we have Nt = Ny Ng. In our proposed system, it is required that Ny > Ngg, and
the space-domain information can therefore randomly assign the outputs of the Ngr RF chains
to Nrr out of the Ny AGs, while the remaining (Ny — Ngg) AGs are kept silent during this
symbol’s transmission. Similar to Fig[ll (a), Nx PSs are also invoked in each AG to perform
analog precoding. Finally, it is worth noting that the conventional sub-connected mmWave MIMO
is actually a special case of our proposed scheme when Ny = Ngg, hence the proposed system
is a more generalized version of the sub-connected mmWave MIMO.

We let x € Cp,; represent the transmitted symbol vector, which is assumed to distribute as
x ~ CN(0, NLSINS), according to [IO][I3]. As the space-domain information plays the role of

selecting an active AGs’ combination (AGC), therefore the total number of legitimate AGCs,



i.e. M, can be given as [20]:
Nm

A — olles2 (W) (1)

Y

where || represents the floor operation, and () represents the binomial coefficient. Moreover,
We USe Wy, = [Upi, Uma, - - -, Umige] . to denote the indices of the AGs activated by the m-th

AGC (m =1,2,..., M), which are subject to the following ordering constraint:
1§um1<um2<...<umNRF§NM. )
Hence the m-th AG-selection matrix C,, € Ry, «n,. can be defined as follows (1 < m < M):

A
c, 2 [emnl,em, | @ s 3)

where 1y, € Ry, 1 denotes an Ng-dimensional all-one vector, e, represents the m-th column
of Iy, with 1 < m < Ny, and ® represents the Kronecker product. Note that, for each symbol’s
transmission, the space-domain information randomly selects one of the M AGCs according to
a uniform probability distribution.

Moreover, the digital precoder is specified to be a collection of M diagonal real-valued
matrices, i.e. D £ {Dy,..., Dy}, where D,, = diag (dpn1,dma, - - -, dmng) € Rygxng is the
applied precoder when the m-th AGC is selected by the space-domain information.

As the analog precoder plays the role of phase-shifting, the corresponding precoder matrix

can thus be denoted as A € Cy,«n, and given by:

j02

1 ,
A £ diag < e 4)

, e ,...,—ejeNT),
VN VDNk VN
where 6,, € [0, 27) denotes the rotation phase of the n-th TA.
Finally, the received signal vector y € Cy,«; at the receiver end, when the m-th AGC is

selected, can thus be formulated as:
y = v/pHAC,,D,,x +n, 5

where a narrowband MIMO channel matrix H € Cp, «n, is considered as in [13][16]. Similar
to [10], the power of H has been normalized so that £ {||H||%} = NgNr. The average transmit
power is given by p > 0, while n ~ CN(0, 031, ) represents the additive white Gaussian noise

(AWGN) at the receiver side. In order to maintain an SNR value p/cZ at the receiver, the digital



precoder D must satisfy the following power constraint:

M
> Tr(D,,DJ) < MNs. (6)

m=1
Similar to and [[13]], in this paper we adopt the classic clustered Saleh-Valenzuela mmWave
channel model, which is formulated as:

Ne N, ray

H =7 apgA(dhy: 05 Ar(0hg, 05 )bi(h. b be(h, 05, (7

p=1 g=1
where v > 0 is the normalizing factor ensuring E{||H|%} = NgxNy, Ny is the number of
scattering clusters, and N, denotes the number of effective propagation paths within each

cluster. The complex-valued channel gain is given by a,,, ~ CA(0,07 ). Moreover, the azimuth

(elevation) angles of departure and arrival (AoDs and AoAs) at the transmitter and the receiver
are given by ¢,,(0,,) and ¢} (¢ ), respectively. The transmit and receive antenna gains are

denoted by A(¢),, 0},,) and A (¢} 0,,) and b.(¢} 0 ) denote

pq’ " pq

0},), respectively, while b(¢;

pq’ pq’ pq’

the normalized transmit and receive antenna array responses given by [10]:

07) = R 1 i 3dsin(gp,) oI (U=1)Zdsin(¢7,) T

Noak ey )

with 7 € {t,r}. The number and spacing of the antenna elements are given by U and d, while

b-(¢; ®)

pq’

A represents the signal’s wavelength. As we assume that the transmit and receive antennas form
two horizontal uniform linear arrays (ULAs), (8) is therefore irrelevant to the elevation angles
07, Similar to [10]], the angles ¢, (07,) are assumed to be Laplacian random variables with a
uniformly-random mean cluster angle ¢; (9_;) and angle spread o (0g). Lastly, we assume that

the antenna element gains are given as [10]:

17 Te[r_ 7']

min’ 7maxil?

97— ) _ pq (9)
0, otherwise,

A (¢

Py’

T T

T, Ol are the azimuth sector angles at the transmitter (7 = t) and receiver (7 = r).

where [

It is worth noting that, the model in (@) is certainly not the only channel model suitable for
the analysis and algorithms of this paper. As this paper is more concerned about the specific
channel realization H, hence the LoS channel model or the 3-D mmWave channel model

[28]] would also be applicable.



Finally, in order that the Ng independent data streams can be successfully transmitted, in this
paper we require that

Ns < rank(H). (10)

III. THEORETICAL SPECTRAL EFFICIENCY ANALYSIS
A. Mutual Information Analysis

According to (@), the achievable SE of the proposed system can be characterized via the

mutual information (MI) between y, x and m, i.e.
R(H,D,A) = I(y;x,m), (1T)

of which the left-hand side indicates that the MI term is a function of the instantaneous channel
realization H, the digital precoder D and the analog precoder A.

Due to the discrete-random channel input m € {1,2,..., M}, the MI term in () cannot
be expressed in a closed form, and it can only be obtained via numerical integrations, which
requires prohibitive complexity [22]][27]]. Therefore we propose Theorem [I] to provide a closed-
form expression R;g(H, D, A) for lower-bounding R(H, D, A):

Theorem 1: A closed-form lower bound for the achievable SE of the proposed system is given

as follows:

M 1 M M
RLB(H,D,A) = lngW — MZlog2Z|En+Et|_l, (12)
N n=1 t=1

where 3, is given as follows:

3, 2 020y, + NisHACnDan CHAMHY, (13)
Proof: The proof is provided in the Appendix [Al [ ]

The closed-form lower bound R;p proposed by Theorem [I] has facilitated a computationally
efficient approach to quantify the achievable SE performance. We now move on to demonstrate

the tightness of the proposed bound Ry g.

B. Bound Tightness

We now use several examples to demonstrate the tightness of the proposed closed-form

bound R;g(H, D, A). Before presenting the numerical results, we firstly propose the following
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TABLE 1
SIMULATION PARAMETERS

Symbols Specifications Typical Values
Nt Number of TAs 8

Nr Number of RAs 8

Nx Number of TAs in each antenna group 2

Nym Number of antenna groups 4

NRr Number of RF chains 2

Ns Number of APM-domain data streams NRrr

A Carrier’s wavelength 5 mm

Ny Number of scattering clusters 8

Ny Number of propagation paths 10

ai,p Average power of the p-th cluster 1

ol (oF) Azimuth (elevation) angular spreads, 7 € {t,r} | 7.5°

[@Lins Prmax] | Azimuth sector angles at the transmitter [—30°,30°]
[@hins Prax] | Azimuth sector angles at the receiver [—180°,180°]

proposition to discuss the issue of bound tightness.
Proposition 1: A constant gap of Ngx(1 —log,e) exists between Ryg(H, D, A) and the true
SE expression R(H, D, A), when an asymptotically high or low SNR is imposed.
Proof: The proof is provided in the Appendix [ ]
Therefore we can apply this constant shift in Ryg(H,D, A) to obtain a more accurate,
asymptotically unbiased approximation to R(H, D, A). Before presenting our results on the
bound tightness, we summarize the typical values of simulation parameters in Table [ and stress
that all the simulations in this paper are configured according to Table [, unless mentioned
otherwise. As the specific design of D and A has not yet been discussed, we therefore apply

the trivial precoding scheme, i.e.

! I
Vares
In Figl2 the true SE expression R(H, D, A) as well as the SE lower bound R;s(H, D, A)

D= {Ing,...,In}, A= (14)

(with and without constant shift) averaged over 2, 000 random channel realizations are depicted
as a function of SNR p/cd. As it can be seen from the figure, although the proposed lower
bound Ry g exhibits an SE gap with respect to the true SE R, it actually provides a favorable
approximation accuracy when the constant shift Nx(1 — log, e) is compensated. Since adding

the constant shift imposes no impact on the precoder design in terms of SE maximization, we
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Fig. 2. Average achievable SE and SE bounds with Ns = Ngr = 1, 2 and 3. The simulation value R and closed-form lower
bound Rip are given according to (II) and (I2), respectively. The approximation is given by Rig — Nr(1 — log, e). Other
parameters are specified according to Table [l

would therefore utilize 715 as a low-complexity cost function to design the hybrid precoders in

the following sections.

IV. PROPOSED TWO-STEP ALGORITHM FOR PRECODER DESIGN

In this section, we propose to solve the following optimization problem (P1) to design the
hybrid precoders:
(P1): rg%RLB(HJ?,A)

S.t. D:{Dl,Dg,...,DM}, (15)
M
ZTr(DmDZ) < MNs and A € &/,
m=1

where 7 represents the feasible set of A satisfying the definition in (4).

In order to solve (P1) with a reduced level of complexity, similar to [29], we propose to



12

M =1 4; H A HyrH -1 }
() - P10 IS, + | " diag [CmA HY (2, + 3,,) ' HAC,,
A 2 S 2

t=1 n

MNs
plogy ¢ ikt [Zm + | diag [CHATHI (S, + %)~ HAC,|
MNs Sl B+ S .

+ ...

n=1

7)

decompose (P1) and iteratively solve the following two sub-problems, i.e. (P2) and (P3):

(P2): max Ris(H,D,A)

S.t. D:{D17D27"'7DM}7
M (16)
ZTI‘(DmeIn) S MNS>

m=1

(P3): max Rig(H,D,A)st. A € .o,

in which (P2) optimizes the digital precoder D based on a given A, while (P3) optimizes the
analog precoder A upon assuming an invariable D. In the following subsections we will introduce

our solutions to (P2) and (P3), as well as the final proposed two-step algorithm.

A. Digital Precoder Design for SE Maximization

The solution to (P2) essentially relies on the concavity of R;g over D,,. Unfortunately such
concavity does not hold, which can be readily verified by a counterexample (e.g. Ng = Nr =

NK:NM:NRF:le)-

Since D,,, = diag(d1, . . ., dmng) is a diagonal matrix, another option is to verify the concavity
of Rip with respect to X, £ [d2,,d%,, ... d2 )7, ie. the m-th power allocation vector.

Fortunately, the following proposition shows that Ry g is actually a concave function of the joint
power allocation vector A = (AT ... AT 17 € Ryngxi.
Proposition 2: The closed-form expression Ry g is a concave function of the power allocation
vector A.
Proof: The proof is provided in the Appendix [ ]
Aided with Proposition 2l we therefore seek to solve the following convex optimization
problem (P2-1) to obtain the global-optimal power allocation vector A:

(P2-1):  max Rig(A) s.t. 177X = MNg, A =0, (18)

AERM NG x1
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where A > O represents a non-negative vector .

To solve (P2-1), we utilize the barrier method to incorporate the non-negative constraint A >~ 0

[30], i.e.

M Ng
A fs(A) = Ris(A) + Zl d(N\) s.t. 17X = MNg, (19)

where \; denotes the i-th element of A, and ¢(u) is the logarithmic barrier function utilized to

approximate the penalty of violating the non-negative constraint, i.e.

1
—In(u), w>0,

d(u) = { B (20)
—00, u <0,
where g is used to scale the barrier function’s penalty. In order to solve (19), we formulate the

gradient of the cost function in (I9) with respect to \,, as follows:
1
V. fa(A) = Vi, Ris(A) + s (21)
B

where q,, = [)\;111, ce )\;jVS}T. The expression of the gradient vector V , Rig(A) has been

derived in (I7). Based on (21)), the gradient of fg(\) at A is thus given by:
V)\fB(A) = [VAl fB()‘)Ta R VAMfB(A)T]T' (22)

To preserve the linear constraint 17X = M Ng, we therefore formulate the ascent direction as

follows [29]]:
1-17

AX = <IMN5 - M—NS) Vafe(A), (23)

by which the gradient V' fg(\) is projected onto the linear space satisfying:
1"AX =0. (24)

Finally, we summarize our digital precoder optimization algorithm in Algorithm [Il
As the concavity of Rig(A) over X has been verified, Algorithm Il thus ensures convergence to
a global optimal power allocation vector A*. The optimal digital precoder D* = {Dj,...,D3,}

is thus given as:

D;:diag<\/ATm,\/)\Tm,...,M>,1§m§M, (25)
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Algorithm 1 Maximizing the SE Lower Bound Over the Baseband Power Allocation Vector

1. Initialization: Given a feasible initial solution A(?), 4 = 0, halting criterion ey, > 0 and the
barrier coefficient tg.

2: Search direction: Compute the gradient Vy fz(A?) as (22) and the search direction AX®
as (23).

3: Gradient ascent: Solve the following one-dimensional search problem via backtracking line
search [30]:

n* = argmax fg (AY + - AXD).
"

4: Update: Stop if n*||AXD ||y < epae[AD]|2, else let ACHD «— X@ 1 AXD, 4 <+ 1 and
then go to Step

where we have X* = [(AD)T, ... (X3)T]%.

B. Analog Precoder Design for SE Maximization

Different from (P2-1), the optimization of (P3) is non-concave due to i) the non-convex
constraint of A € .7, and ii) the non-concavity of ;g over A, of which the latter can be again
verified via a simple counterexample (e.g. Ng = Nt = Nx = Ny = Ngg = M = 1). In order
to handle the non-convex constraint of A € <7, we propose to relax the problem (P3) into the
following optimization (P3-1) with a convex /., constraint:

(P3-1): max Ryg(a)s.t. |laf| <1/ Nk, (26)

ae(CNTxl

where a € Cy,«; denotes the diagonal elements of A, i.e. a = diag(A). Note that the original

feasible set .o7 is a subset of the new feasible set in (P3-1), i.e.

exp (j0) . 1 }
€ Cppxr © 4 = ,1<i<NpyClaeCyu: <\ @
{acemaa= g 1sismpc{acCmastals o @

while the feasible set of (P3-1) is also convex due to the convexity of /., norm.
In order to deal with the non-differentiable /., constraint in (P3-1), similar to [31]], we exploit

the ¢, approximation with a large p. Since

Tim fall, = Jlall. (8)

the value of p should thus be gradually increased during the optimization process. Moreover,

again we exploit the logarithmic barrier function to approximate the penalty of violating the /,,
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M S+ 3| diag [HY (2, + )7 HA (CuA,CH + CACH)|

plog e
VaR = 32
1B(a) M Ns 112::1 S E 4! (32)
constraint, which leads to the following optimization problem:
1
ma a,p) = Rig(a) + —— —|la , 29
(o) = Fun(a) + 0 (- lal, @)

where the barrier function ¢(u) has been defined in 20). To solve (29) via a gradient method,

we formulate the gradient of the cost function gg(a, p) over a as follows:

all, ™" pa
vagB(av p) = vaRLB(a) - —1)2 ) (30)
2p (N = Jall, )
where p, € Cp,«1 is given as:
_ _ o T
Pa = [al -Jag]? ? , ag - |ag|” ? - ey ANp |CLNT|p 2] . (31)

Moreover, the gradient V,Ryg(a) is given in (32), where A,, = diag(\,) forn =1,2,..., M.
By using V,gs(a, p) as the search direction, i.e. Aa = V,gg(a, p), we thus present our proposed

algorithm for the analog precoder design in Algorithm 2

Algorithm 2 Maximizing the SE Lower Bound Over the Analog Precoder

1. Initialization: Given a feasible initial solution a®), p > 0, Ap > 0, pmax > 0, 7 = 0, halting
criterion €y, > 0 and the barrier coefficient tg.
2: Search direction: Compute the search direction Aa) = V,gg(a”,p) with Vagg(a®, p)
given in (30).
3: Gradient ascent: Solve the following one-dimensional search problem via backtracking line
search:
n* = arg méxx gs(@® + 7 - Aal¥ p).

a: Update: Go to Step Blif n*||Aa® |5 < epal|a® ||z, else let atV < al® 49 Aa®), 4 < 541
and then go to Step 21
s: Iteration: Go Step [6]if p > puax. €lse let p < p + Ap and then go to Step
6: Output: The optimized analog precoder’s diagonal elements are thus given by:
1 .
* . ()
a’' = exp |jangle (a , (33)
e [jangle (a0)]

where angle(-) represents the element-wise phase function.
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Due to the non-concavity of Ry over a and the convex /..-norm relaxation, Algorithm [2] thus

ensures convergence to a local maximum of a.

C. Proposed Two-Step Algorithm for Hybrid Precoder Design

By combining Algorithm [1] and 2, we therefore develop our proposed two-step algorithm for
the hybrid precoder design in Algorithm 3] where the digital precoder D and the analog precoder

A are optimized iteratively.

Algorithm 3 Two-Step Algorithm for Hybrid Precoder Design

1. Initialization: Given initial solutions a(® and A(®), Set iteration index to i = 0.

2. Optimize the digital precoder: Based on a'¥), optimize the digital precoder via Algorithm [I]
and (23), which yields A(+1).

3: Optimize the analog precoder: Based on A1) optimize the analog precoder via Algorithm
2l which yields at+b,

4: Let ¢ <7+ 1. Go to Step [2] until convergence.

As Algorithm[3lonly ensures convergence to a local maximum (since Algorithm[2]only ensures
local convergence), the optimization results of Algorithm [3] are thus affected by the initialization
of a® and A\©. However, as we will show in the next subsection, the optimized cost function

is relatively insensitive to the specific selection of initial points.

D. Convergence of the Proposed Two-Step Algorithm

In this subsection, several examples will be provided to confirm the convergence of the pro-
posed Algorithm [3in conjunction with various initial points. Note that the simulation parameters
are configured according to Table [l with an SNR value of 5 dB. The initial solutions of Algorithm

are designed as follows:

M N. T
0y _ S 11O (0 (0)
A — MNS A(0) [Al 9 A2 9 AMNS} 9

n=1

(34)

20 _ [exp(jﬁﬂ exp(j62) eXp(jgNT)]T
VN D VN T UMk |

where )\%O) and 6,, (1 < n < MNs, 1 < m < Np) are i.i.d. random variables subject to a

uniform distribution over [0, 1] and [—m, 7|, respectively.
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Fig. 3. Typical evolution yielded by Algorithm [3] with 4 independently generated initial solutions. The simulation parameters
are specified according to Table [ with p = 32, Ap = 10, Pmax = 64, €hart = 1072 and tg = 64.

The evolution of the proposed Algorithm [3] in conjunction with 4 independently generated
initial points is therefore presented in Fig[3l Note that here we use the closed-form SE approxi-
mation, i.e. [R g — Nr(1 —log, e)] as the performance metric. The performance yielded without
precoding is also depicted in Fig[3l It can thus be that Algorithm [3] converges to almost the same
cost function value for the various initial points, which outperforms the SE without precoding
by approximately 20.55%. Note that the evolution of the cost function exhibits a staircase shape
with each stair associated with either Step 2] or Step 3 of Algorithm[3l Besides, it is also observed
that it only takes less than 20 iterations for Algorithm [3| to converge, which substantiates the
low complexity advantage of the proposed algorithm.

In order to provide a more intuitive demonstration, in Figld] we depict the cumulative distribu-
tion of the achievable SE yielded by 10, 000 randomly generated initial points. The simulation
parameters are configured in accordance to Fig[] in conjunction with SNR € {0,5,10} dB.
Based on the steeply ascending shape of the curves depicted in FigHl it can thus be concluded

that the proposed Algorithm [3] ensures convergence to almost the same cost function for all
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Fig. 4. Cumulative distribution of the achievable SE yielded by various initial points. The simulation parameters are configured
in accordance to Fig[3l

the initial points, which therefore confirms the near global optimality achieved by the proposed

algorithm.

E. Complexity Analysis

We now provide analysis on the computational complexity of the proposed Algorithm Bl We
commence by quantifying the complexity order of Algorithm [I] and Algorithm 2] as follows.

(1) Complexity of Algorithm[I} As can be seen from Algorithm[Il the computational complexity
is primarily consumed by the gradient calculation, which involves i) calculating the M ? matrices’
inversions (%, + Em)_l for 1 < mn,m < M, and ii) calculating the M? matrix multiplications
CHATHH (Y, +3,,) "' HAC,,. Therefore the complexity order of Algorithm[Ilfor each iteration
is:

O [M? (Ng + 2NgeNg) | - 35)

(2) Complexity of Algorithm [P} Similar to Algorithm [I the complexity of Algorithm [2]is also

mainly consumed by the gradient calculation, which involves calculating the ¢, norm |/a||, as
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well as the following matrices (1 < n,t < M):
H” (2, +%,) ' HA (C,A,CT + CACH) . (36)
Therefore the complexity order of Algorithm [2| for each iteration is:
O [M? (N 4+ Nt N§ + NrN§) + pNe] . (37)

Finally, by preserving the dominant terms, the overall complexity order of Algorithm [3] can
be expressed as follows:

Np
O | M? (N + 2NgeNZ) + Ny - M? (N3 + NeNg + NeN2) + Ne Y _p™ |, (38)

n=1
where N, = [(Pmax — p) /Ap] and p™ = p+ (n — 1)Ap, with p, Ap and pu. specified in Step
[ of Algorithm

It is worth noting that, the polynomial complexity order in (38)) is mainly achieved thanks
to the application of the closed-form cost function R;p. Otherwise the complexity order would
be orders of magnitude higher due to the prohibitive complexity for calculating the true SE

expression R(H, D, A).

FE. Optimization of System Parameters

In this subsection we discuss the optimized selection of the system parameters, i.e Nt, Vg,
Nk, Nv and Ngg. As the antennas and RF chains are usually hardware resources that are invariant
from a practical point of view, we therefore focus on the selection of (Nk, Ny).

Note that in the proposed scheme Nt = N /Ny always holds. On the one hand, increasing Ng
leads to reducing Ny, which consequently reduces the potential multiplexing gain provided by
GenSM, since M = 2U°g2 wﬁi)J On the other hand, increasing Ny also leads to a larger antenna
group and therefore enhances the possible array gain provided by incorporating the ananlog
precoder A. Therefore the pair (Ng, Ny ) is essential for achieving a scalable tradeoff between
multiplexing gain and array gain. As (Ng, Ny) cannot be altered for every channel realization

H, we thus seek to optimize the parameters for maximizing the average SE, i.e.

(Nfé, NI:(/I) =arg max EH {RLB [H, D*(H, NK, NM), A*(H, NK, NM)]} y
(Nk,Nwm) (39)

S.t. NKNM = NT;
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TABLE I
OPTIMAL (Nk, Nm) PAIRS AS A FUNCTION OF VARIOUS SYSTEM PARAMETERS

SNR (dB)
Nrg | Ny X Ng | -5 0 5 10
L Lsxa e [EBD [ [ (1)
Sx8 | (3,1)](2,4) ] (1,8) ] (1,8)
;| 8x6 [ [e9][0s
8x8 | (4,2)](4,2)](2,4) | (1,8)

where D*(H, Nx, Ny) and A*(H, Nk, Ny) denote the hybrid precoder designed by Algorithm
Bl when H, Nk and Ny are given. Note that we use Rjp instead of R as the cost function in
(B9) so that a lower complexity can be obtained.

Using (39) as the design guideline, we present the optimal (N, Ny) pairs as a function of
various configuration parameters in Table [l As it can be seen from Table [[Il the optimal value
of Ny is shown to increase with the increase of Ny or SNR, i.e. a larger /Vy; should be invoked,
when the receiver is in a sufficiently good condition (either a larger Ny or a higher SNR value) to
harness the SMX gain provided by GenSM. Otherwise, when a lower SNR or a smaller Ny value
is invoked, NV should be reduced to enhance the array gain provided by analog beamforming.

Remark: 1t is worth noting that our proposed scheme degenerates to the conventional sub-
connected hybrid precoding schemes, when (Nk, Ny) = (Nt/Ngp, Nre). Hence the proposed
scheme has the potential to even outperform the conventional schemes in terms of achievable SE.
As a matter of fact, the solution to (39) is the essential reason for the performance improvements
achieved by the proposed scheme, as the conventional schemes can be conceived as special cases
of the proposed GenSM-aided mmWave MIMO scheme. The performance improvements will

be substantiated in the following sections.

V. SIMULATION RESULTS

In this section we present the simulated SE performance yielded by various schemes. Note
that the achievable SE performance of the proposed scheme is given by the true SE expression
R(H,D, A) averaged over 1,000 random channel realizations. The simulation parameters (e.g.

P, Ap, pmax» €tc.) are specified as in Fig[3] and Table [, unless mentioned otherwise.
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More specifically, the achievable SE performance yielded by the following 5 schemes are

presented for performance comparison:

e 0-GenSM-MIMO: The proposed GenSM-aided mmWave MIMO scheme with hybrid pre-
coder optimized according to Algorithm Bl The performance of O-GenSM-MIMO is asso-
ciated with (Nt, Ng, Ngg), while (Ng, Ny ) are selected according to (39).

e NO-GenSM-MIMO: The proposed scheme without optimization. The system parameters of
NO-GenSM-MIMO are configured in accordance to the corresponding O-GenSM-MIMO
counterpart.

o WP-MIMO: Waterfilling-precoded MIMO scheme [23]. Note that, in conventional WP-
MIMOs, Ng is usually set as Ng = Nr to fully exploit the spatial multiplexing gain.
In order to maintain fairness from an RF-chain-limited point of view, we thus assume that
Ng = Ngp also holds for WP-MIMOs.

e SIC-SC-MIMO: Hybrid precoding scheme for the sub-connected (SC) mmWave MIMO
using successive interference cancellation (SIC) method, which is proposed by [13]].

o S-Sparse-MIMO: The classic spatially sparse hybrid precoded mmWave MIMO proposed
by [L10]. Note that S-Sparse-MIMO exploits a full-connected hybrid precoder structure,
which requires more hardware complexity than the sub-connected structure exploited by

our scheme.

We commence by showing the cumulative distribution of the achievable SE yielded by O-
GenSM-MIMO and NO-GenSM-MIMO with various channel realizations in Figldl As it can
be seen from the figure, aided with the proposed optimization algorithm, the SE achieved by
0-GenSM-MIMO is capable of significantly outperforming the SE achieved by NO-GenSM-
MIMO, which substantiates the efficacy of the proposed Algorithm Bl Moreover, it can be also
observed that the cumulative distribution of O-GenSM-MIMO is even steeper than that of NO-
GenSM-MIMO, which indicates that the channel variation has less impacts on the performance
of O-GenSM-MIMO than NO-GenSM-MIMO, i.e. O-GenSM-MIMO is more robust under the
channel fading.

In Figlel the average SE performance yielded by various schemes with (N1, Ng, Nrp) =
(8,4, 2) are presented. For the proposed schemes, i.e. O-GenSM-MIMO and NO-GenSM-MIMO,
it can be seen that (Ng, Ny) = (4,2) and (Ng, Ny) = (2,4) are respectively selected, when
SNR < 7.5 dB and SNR > 7.5 dB. It is also observed that a significant SE improvement is
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Fig. 5. Cumulative distribution of the achievable SE yielded by O-GenSM-MIMO and NO-GenSM-MIMO with various channel
realizations. The parameters are Nt = 8, Nr = 8 and Nrr = 2, while (Nk, Nu) are determined by solving (39).

achieved by O-GenSM-MIMO compared to NO-GenSM-MIMO, which substantiates the efficacy
of the proposed hybrid precoder design in Algorithm 3l Furthermore, by comparing O-GenSM-
MIMO to other state-of-the-art mmWave schemes, it is seen that our proposed scheme maintains
a superior SE performance over the SIC-SC-MIMO scheme of for the entire SNR range
considered, and our scheme also outperforms the S-Sparse-MIMO scheme of when the
SNR is higher than 0 dB. As predicted by the remarks in the last section, such performance
improvement is guaranteed because our proposed scheme maintains a more generalized hybrid
precoding paradigm, and the configuration parameters (N, Ny) are also optimized in terms of
SE maximization, as in (39). Finally, with a target throughput of 12 bits/s/Hz, our scheme
outperforms the S-Sparse-MIMO scheme by about 0.55 dB, while the WP-MIMO scheme
outperforms the proposed scheme by approximately 2.0 dB.

To explore the impact of Nk, we increase the Nr = 4 scenario in Figlelto Nz = 6 and present
Fig[ll It is seen that, with a higher number of RAs, (Nk, Nv) = (4,2) and (Nk, Ny) = (2,4)
are respectively selected, when SNR < 2.5 dB and SNR > 2.5 dB, i.e. the “SNR switching

threshold” is lower than the case with Ny = 4. By comparing against other mmWave MIMO
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Fig. 6. Achievable SE performance yielded by various schemes with Nt = 8, Ng = 4 and Ngr = 2. The parameters (Nk, Nu)
of the proposed scheme are designed by solving (39).

schemes, it is observed that the proposed scheme maintains a superior SE performance over
S-Sparse-MIMO when SNR > 2.5 dB, and outperforms SIC-SC-MIMO over the entire SNR
range under consideration. Finally, with a target throughput of 13 bits/s/Hz, the proposed scheme
outperforms S-Sparse-MIMO by approximately 0.9 dB, and is outperformed by WP-MIMO with
a 1.25 dB performance gap.

Finally, we increase the Ngg = 2 cases to the case with Ngr = 3 and present Figl8] where
a 15 x 10 mmWave MIMO is considered in conjunction with 3 RF chains. It is seen that
(Nk, Nm) = (5,3) and (Nk, Ny) = (3,5) are utilized, when SNR < —7.5 dB and SNR > —7.5
dB, respectively. Moreover, it is also observed that the proposed scheme maintains a higher SE
performance than SIC-SC-MIMO for the entire SNR range considered. With a target throughput
of 21 bits/s/Hz, it is readily seen that the proposed scheme outperforms S-Sparse-MIMO by
approximately 1.6 dB, and is outperformed by WP-MIMO with a 1.3 dB performance gap.

To sum up, it can be observed from the simulation results that our proposed scheme is capable

of outperforming the classic sub-connected mmWave scheme, i.e. SIC-SC-MIMO, for a wide
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Fig. 7. Achievable SE performance yielded by various schemes with Nt = 8, Ng = 6 and Nrr = 2. The parameters (Nk, Nu)
of the proposed scheme are designed by solving (39).

range of SNR. The proposed scheme also outperforms the S-Sparse-MIMO scheme when a not-
so-low SNR value is imposed. Note that such performance improvement is achieved with an
even lower complexity level, consider that our scheme is sub-connected while S-Sparse-MIMO
is full-connected. Finally, the proposed scheme remains sub-optimal with a very smaller SE gap,

when compared against the optimal WP-MIMO scheme.

VI. CONCLUSION

In this paper, we proposed a novel GenSM-aided mmWave MIMO scheme with a hybrid
analog and digital precoding structure. A closed-form expression was proposed to quantify the
achievable SE of the proposed scheme. Using the proposed expression as a low-complexity cost
function, we proposed a new two-step algorithm to design the hybrid precoder with respect to
SE maximization. More specifically, the proposed algorithm utilized the concavity of the cost
function over the digital power allocation vector, and used a convex /. relaxation to handle the

non-convex constraint imposed by the analog precoder. Finally, numerical simulation results not
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only demonstrated the convergence and efficacy of the proposed algorithm, but also substantiated
the superior SE performance achieved by the proposed scheme against state-of-the-art mmWave

precoding schemes.

APPENDIX A

PROOF OF THEOREM (1

Proof: The MI term in (II)) can be decomposed as follows [32]:
I(y;x,m) = I(y;x|m) + I(y;m), (40)

where I (y;x|m) represents the average mutual information conditioned on a given m, which can

be readily formulated using Shannon’s continuous-input continuous-output memoryless channel’s

(CCMC) capacity [27], i.e.
) ) 41)

2
N

1 & 1
1ixim) = 7 Y- o (| 3
m=1
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where 33, is defined by (I3). Moreover, the MI term I(y;m) represents the mutual information

conveyed via the antenna domain, of which the expression is given by:

I\ P(y|n)
m) =7 > [ Pyl log, a, @)
M ; 1 et P(yIE)
where the likelihood function is given by:
P(yln) = CN(y;0,%y). (43)

Since I(y;m) cannot be expressed in a closed form due to the discrete input m, we therefore

derive a lower bound for I(y;m) as follows:

M M
1 1
I(y;m) = MZ {/P(yln) log, P(y|n)dy — /P(YIn) log, [MZP(W) dy}. (44)
n=1 t=1
By incorporating the expression of P(y|n), we have:
/P(y|n) log, P(y|n)dy = —Ng log,(me) — log,(|X,]). (45)

Moreover, since log,(-) is a concave function, the following inequality can be yielded via a

direction application of Jensen’s inequality:

o[ o]

<log, [ Z/P yln) (y\t)dy] = —Nrlog, ™ + log,

46
Z|Et+21|1 (40
M

t=1

By substituting (@3) and @6) into @4), a lower bound of I(y;m) is thus given as follows:

35|

+ 3] “7)

Iig(y;m) = logy M — Nrlogy e — Z log, Z =,

Finally, by substituting @7) and @I) into (@0}, the closed-form lower bound Ryg(H, D, A)

in Theorem [1] is thus yielded, which completes the proof. [ ]



27

APPENDIX B

PROOF OF PROPOSITION [I]

Proof: According to the derivations in Appendix [A] the closed-form lower bound can be
decomposed as:

RLB(H7 D7 A) - ](Y7 X|m) + ILB(y; m)7 (48)

where I(y;x|m) and I1g(y;m) are given by @Il and @7)), respectively. Since the derivation of
I(y;x|m) is accurate, according to (1)), we thus seek to derive the value of I;g(y;m), when
an asymptotically high or low SNR value p/c3 is invoked.

Case I (asymptotically high SNR): We seek to prove that the following limits hold:

|2n| p/og—ro0 0, n 7é t
|En + Et| 2—NR

(49)

The case of n =t can be readily proved. We now focus on the case of n # t. On the one

hand, when n # t, the following derivations hold with an asymptotically high SNR:

I+ ] = (202)™ )INR + %SHA (C,D,DIC! + C,D,DICH) AHHH‘

= (20%)" ’IZNS + 5 —QLQu (50)

= (p/oR)™ - o 22N NS |QUQu

where ps = p/(04Ns), Q. = [HAC,D,,, HAC,D,], and (a) is obtained by assuming pg >> 1.
Note that, since Ng < rank(H) holds according to (I0), we thus have ‘QﬁQnt‘ > (0, when
n # t. On the other hand, we have:
2] =03 |In, + psHAC, D, DI CHATH|
(51)

R (pfo2)™ - o2 NG

where (a) is again obtained by assuming ps > 1. Comparing (3Q) to (51J), it can be observed
that, with an asymptotically high SNR, |, + X,| scales linearly with (p/c2)?™s - o3, while
|3,,| only scales linearly with (p/ JI%)NS 2Ne Therefore the limits in (@9) can be proved. Based
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(52)

(1 —logye).

on (@9), we thus have:
p/od—ro0
Iig(y;m) ——— logy M + Ng

Case II (asymptotically low SNR): In this case, we have 3, ~ o2ly, forn € {1,2,..., M}
(53)

Hence we have:
/o2 —0
Iig(y;m) e Nr(1 —logse).
However, since the random input m is drawn from m € {1,2,..., M} with equal probability,
(54)

thus the following limits should hold:
if p/og — oo,

log, M,

I(y;m) —
0, if p/od — 0.
|

Comparing (34) against (532) and (53), it can thus be seen that a constant shift Ng(1 — log, €)
exits between the asymptotic values of I(y;m) and I;g(y;m), which completes the proof.

APPENDIX C
PROOF OF PROPOSITION

Proof: According to [3Q], to prove that Ryp is concave with respect to A, it suffices to
(55)

check that the following function of one variable s, i.e.
RLB(S) é RLB(A + sw),

is concave with respect to s for any given A\, w € Ry n 1.
|7 with A, w,, € Ry,x1 denoting the m-th sub-

Let A=A ... AT, w=|wl,. . . Wl
vectors of A and w, we can thus define the function f,, : R — R as follows:
M
fals) £logy Y |50 + 3|, (56)
t=1
(57)

with 3, givenby (n=1,2,..., M)
3, = o2ly, + L HAC, (A, + sQ,) CHTATH,
S
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where A,, = diag()\,,) and Q,, = diag(w,,). Therefore |X, + 3;|~! can be re-formulated as:

X, + 37 = (2020, + NLHA (ChA,Cl + CAClT) ATHY +
S
1 (58)

5- NiﬂA (C..CH + c..Cll) ATH

S

According to (38), |X, + X! is therefore log-convex with respect to s. As summation
preserves the log-convexity [30]], Zi\i 12, + 3! is thus also log-convex over s, which proves

the convexity of f,(s) with respect to s. Finally, since

M 1 —
Rig(s) =logy ——— — — fn(s), (59)
o) =loms o g Z (s)
Ry (s) is thus verified to be concave with respect to s, which completes the proof. [ ]
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