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Abstract—Precoded spatial modulation (PSM) is well-known
for its simple receiver design and superior error performance.
To fully inherit its advantages and overcome its unfeasibility
to mmWave hybrid massive multi-input multi-output (mMIMO)
systems, a novel hybrid PSM (hPSM) is carefully proposed.
Except for a similar digital design, hPSM distinctly differs from
PSM for its dependence on the analog part of the mmWave
mMIMO transceivers. Moreover, unlike PSM where the rele-
vant design suffices to be restricted on a single subcarrier, hPSM
requires joint consideration across all subcarriers. Thanks to our
judicious design, the error performance of hPSM is optimized and
demonstrated to be advantageous over its non-hPSM counterpart.
Meanwhile, the overall design is compatible with prevalent hybrid
mmWave systems and enjoys a low implementation complexity.

Index Terms—hPSM, mmWave, hybrid massive multi-input
multi-output, error performance, analog part.

I. INTRODUCTION

IN RECENT years, spatial modulation (SM) has been
widely studied in multi-input multi-output (MIMO)

systems. The main idea of SM is to map the index bits
according to the activation status of antennas and symbol bits
according to the adopted constellation diagram [1], [2], e.g.,
phase shift keying (PSK) and quadrature amplitude modulation
(QAM). Based on SM, many other variants (e.g., GSM [3],
PSM [4], VSM [5], just to name a few) have been proposed
and validated with good performance in different applications.

Motivated by the superiority of SM and its extensions, their
application to state-of-the-art hybrid mmWave massive MIMO
(mMIMO) systems is well anticipated. Unfortunately, a naive
transplantation may suffer from severe performance degra-
dation. To be specific, mmWave propagation is well-known
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to exhibit limited scattering [6], leading to highly corre-
lated mMIMO channels. The strong correlation in the spatial
domain will impose significant ambiguity on the identifica-
tion of spatial index patterns, resulting in compromised error
performance [7]. Meanwhile, as mmWave channels have ultra-
wide bandwidth, orthogonal-frequency-division-multiplexing
(OFDM) is typically adopted to cope with frequency selectiv-
ity [8]. For a hybrid system, however, even though its digital
part can be designed independently for each subcarrier, its
analog part has to be shared by all subcarriers. Therefore, the
resultant index modulation requires joint consideration of all
subcarriers, which is drastically different from conventional
SM techniques.

Among various SM techniques, in this letter, we hold a
particular interest for PSM due to the advantages of lower
receiver complexity and better error performance. However,
the aforementioned issues imply that direct application of PSM
to hybrid mmWave mMIMO is not feasible. Therefore, we
judiciously devise a novel PSM-like index modulation (IM)
dedicated to hybrid mmWave mMIMO, and term it as hybrid
PSM (hPSM). As can be inferred from the name, hPSM
includes both the analog part and the digital part. First, by
naturally exploiting the analog part of the transceivers, the
high-dimension high-correlation spatial channel is converted
into the low-dimension and potentially low-correlation “vir-
tual spatial channel” (VSC) encountered from the transmitter
radio frequency (RF) chains to receiver RF chains. Second,
by utilizing the concept of VSC, the digital precoding is per-
formed with the index mapping incorporated therein. Despite
a similar digital part as that of PSM, two striking features
make hPSM distinctly different from PSM. First, the VSC
where hPSM is implemented is not an actual channel, but a
virtual channel determined by the analog part. Second, even
with OFDM, all subcarriers still share a common analog part
in the hybrid system, making all VSCs intervened. Therefore,
hPSM is essentially an IM whose performance is dictated
by the design of the analog part. To get an optimized ana-
log part, we derive an approximate expression of the system
asymptotic pairwise error probability (APEP), and then devise
a low-complexity method to construct the analog part under
the target of minimizing APEP. Thanks to our careful treat-
ment, the proposed hPSM could gain remarkable advantages
over existing alternatives in terms of the error performance.

Notations: a, a, A represent a scalar, a vector and a matrix,
respectively. (a)i represents the i-th entry of the vector a.
(A)i ,j , (A)i ,: and (A):,j denote the (i , j ) entry, the i-th row
and the j-th column of A. AT , A∗ and tr(A) represent the
transpose, Hermitian transpose and trace of A.
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II. SYSTEM AND CHANNEL MODELS

A general hybrid mmWave mMIMO system is consid-
ered here, where Nt antennas with N t

RF (N t
RF � Nt ) RF

chains are deployed at the transmitter, and Nr antennas with
N r
RF (N r

RF � Nr ) RF chains are deployed at the receiver.
The transmitter communicates with the receiver via Ns data
streams, with Ns ≤ NRF and NRF = min{N t

RF ,N
r
RF }.

Without loss of generality, we further assume Ns = NRF .
Similar to [9], we adopt a geometric mmWave channel

model consisting of Np dominant paths and Nc taps. The tap-d
channel, H[d ] ∈ C

Nr×Nt , can be represented by

H[d ] =

Np∑

l=1

√
NtNr

Np
αlp(dTs−τl )ar (φl )a

∗
t (θl ), 0 ≤ d < Nc .

(1)

For path-l, αl ∼ CN (0, 1) is the complex gain; p(t)
is the pulse-shaping response for Ts -spaced signaling; τl
is the propagation delay obeying a uniform distribution on
[0, (Nc − 1)Ts ]; φl and θl are the angle of arrival (AoA) and
the angle of departure (AoD), respectively, both uniformly dis-
tributed on [0, 2π); a t (θ) and ar (φ) are the transmitter and
receiver array responses, respectively.

With the half-wavelength spaced uniform linear
array (ULA) employed at the transceivers, we have
a t (θ) = 1√

Nt
[1, ejπ sin θ, . . . , ej (Nt−1)π sin θ]T and

ar (φ) =
1√
Nr

[1, ejπ sinφ, . . . , ej (Nr−1)π sinφ]T .
Given the time-domain channel H[d], the corresponding

frequency-domain channel at subcarrier-k can be obtained ass

H [k ] =

Nc−1∑

d=0

H[d ]e−j 2π
K

kd . (2)

Let s[k ] ∈ C
Ns×1 be the transmitted vector at subcarrier-k

with E{‖s[k ]‖2} = 1. By taking the hybrid precoding into
account, the received signal at subcarrier-k is expressed as

r [k ] = H [k ]U tP [k ]s [k ] + ω[k ], (3)

where P [k ] ∈ C
Ns×Ns is the digital precoder at subcarrier-

k; U t ∈ C
Nt×Ns is the shared RF precoder; ω[k ] ∼

CN (0, σ2INr
) is the white Gaussian noise.

After being combined by U r ∈ C
Nr×Ns in the RF domain,

the received signal in digital baseband becomes

y [k ] = U ∗
rr [k ] = U ∗

rH [k ]U tP [k ]s [k ] + η[k ], (4)

where η[k ] = U ∗
rω[k ]. Note that U t and U r are imple-

mented in the time domain, which means that they are common
for all subcarriers [9]. Additionally, since the analog part
is implemented via the b-bit analog phase shifters (APSs),
all entries of U t are constant modulus; that is (U t )i ,j =
1√
Nt

ejφi,j with φi ,j ∈ B = {0, 2π
2b

, . . . ,
2π(2b−1)

2b
}. Similar is

the case for U r .

III. HPSM DESIGN

As has been mentioned before, hPSM includes the digital
part and the analog part. In this section, we elaborate on the
details of these two parts.

TABLE I
BPSK MODULATION WITH {Ns = 2,Na = 1,BPSK}

A. The Digital Design

Denote H ak = U rH [k ]U t as the VSC at subcarrier-
k. To reduce the receiver complexity, Zero-Forcing (ZF)
pre-equalizer is set as the digital precoder:

P [k ] = βkH
∗
ak (H akH

∗
ak )

−1 = βkPn [k ], (5)

where βk =
√
Ns{tr [(U tPn [k ])(U tPn [k ])∗]}−1 is the

power normalization factor. Then the received signal in Eq. (4)
is given by

y [k ] = βks[k ] + η[k ]. (6)

Based on VSC, hPSM maps the symbol bits into con-
ventional modulated symbols chosen from the constellation
diagram, and the index bits into activation status of the receive
RF chains. A total of Na < Ns RF chains can be activated to
facilitate simultaneous transmission of Na data streams. Here
an example of hPSM using binary PSK (BPSK) is provided
in Table I. With the similar mapping manner employed of
all subcarriers, the spectral efficiency per subcarrier can be
expressed as

keff = �log2 |Cr |�+ Nakmod , (7)

where Cr contains all possible index patterns and kmod is the
order of the conventional modulation.

B. The Analog Design

At the first sight, one may think that hPSM is almost iden-
tical to PSM, whose design is accomplished once P[k] is
determined. However, once taking a closer look at Eq. (5),
one may find that the so-called digital part is essentially deter-
mined by the analog part (U r and U t ). More importantly,
U r and U t remain the same at all subcarriers and await a
further optimization. To this end, we then elaborate on how to
determine the analog part of hPSM. Based on the criterion of
minimizing error performance, the corresponding analog part
optimization problem can be formulated as follows

P .1 argmin
U r ,U t

Pe(U r ,U t )

s .t . ∀ i , j ∠(U t )i ,j ∈ B, ∀m,n ∠(U r )m,n ∈ B. (8)

Apparently, solving P.1 requires an explicit expression of
Pe . Considering the intractability of analyzing BER precisely,
we first derive the APEP for further process.

Proposition 1: For a hybrid mmWave mMIMO system with
K subcarriers, the APEP of hPSM via maximum-likelihood
(ML) detection can be approximated as

Pe ≈ γ

K

K∑

k=1

Q(βk · λ), (9)
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Fig. 1. A block diagram of the hybrid mmWave mMIMO system.

where γ is a constant determined by the mapping manner, λ
is a fixed factor defined in the Appendix, and Q(·) represents
the Gaussian-Q function.

Proof: See the Appendix.
Although this is an explicit form of Pe , it is still intractable

for getting the optimal solution to P.1 as the entry-wise con-
straints in Eq. (8) make P.1 an NP-hard problem. Hence it is
necessary to shrink the search space. To this end, we aim
at the design of proper codebooks, so that the entry-wise
constraints can degenerate into column-wise constraints. For
finite-resolution APS, the transmitter codebook Ft can be
expressed as

Ft = {F(a t (0)),F(a t (Ω1)), . . . ,F(a t (ΩNt−1))}, (10)

where Ωn = arcsin 2n
Nt

, 0 ≤ n ≤ Nt −1; F is the quantization
function [10] defined as

F(a t (Ωn )) = argmin
α∈B

∥∥∥ 1√
Nt

ejα − (a t (Ωn ))i

∥∥∥
2
,

∀n ∈ [0,Nt − 1], ∀i ∈ [1,Nt ]. (11)

For ideal APSs, the quantization operation can be omitted. A
similar process is applied to Fr , thus being omitted here. As a
consequence, the original P.1 is simplified into P.2 as follows:

P .2 argmin
U r ,U t

K∑

k=1

Q(βk · λ)

s .t . ∀ i (U t ):,i ∈ Ft , ∀ j (U r ):,j ∈ Fr . (12a)

Towards P.2, we propose an approach consisting of a greedy
codebook search (GCS) and an entry update (EU) to construct
U t and U r . Specifically, at each iteration, one codeword pair
that can minimize Pe will be selected from Ft and Fr , respec-
tively. The process keeps running until Ns codeword pairs are
selected to construct U t and U r . After this, to further reduce
Pe , one could further greedily update the entries of U t and
U r in an alternating manner similar to [11].1

IV. SIMULATIONS

In this section, numerical simulations are provided to eval-
uate the BER performance of hPSM in an mmWave mMIMO
system with Nt = 32 and Nr = 16. The channel related
parameters are set as: Np = 8; p(t) is the raised-cosine func-
tion with a roll-off factor R = 0.8; Nc = 4, Ts = 10−9s and

1In practice, the alternating operation could be performed multiple times
until reaching a certain terminating condition. While in the following simula-
tions we only perform one-time alternation, i.e., greedily updating the entire
Ur and Ut once, it suffices to validate the functionality of entry-wise update.

Fig. 2. BER comparisons among different VSC construction methods under
{Ns = 2,Na = 1,BPSK}.

K = 16. Without loss of generality, 5-bit APSs are adopted
at the transceivers. For all figures, the signal-to-noise ratio
(SNR) is defined as Eb/N0 = 1

keff σ2 . All results are obtained
by averaging of over 10000 independent channel realizations,
with each having a block length of 2000.

To verify the importance of VSC in hPSM, in Fig. 2, we
specifically compare the BER performance achieved by dif-
ferent VSC construction methods: GCS only, GCS with EU
(GCS-EU), and random codebook search with EU (RCS-EU).
The conventional steering with ideal APSs is set as the bench-
mark. The hPSM setup is {Ns = 2,Na = 1,BPSK}, with
b = 5. Fig. 2 shows that the performance of GCS is very sim-
ilar to that of the steering method. Moreover, with the help of
EU, the BER advantage of GCS-EU over GCS is 2 dB. For
RCS-EU with two-stage processing, its performance is still
largely inferior to others, indicating that the initial point may
heavily influence the final performance. This is mainly due
to the sub-optimality nature of the proposed method, and a
superior optimization scheme will be left as the future work.

In Fig. 3 we compare the BER performance of hPSM
and non-hPSM schemes under various keff values. For
keff = 2 bits/s/Hz, the advantage of hPSM with {Ns =
2,Na = 1,BPSK} over non-hPSM with {Ns = 2,Na =
2,BPSK} is about 1.5 dB. When increasing keff from 2
to 4, hPSM with {Ns = 4,Na = 2,BPSK} outper-
forms non-hPSM with {Ns = 4,Na = 4,BPSK} by more
than 1 dB. From Fig. 3(c), we further notice that hPSM
with {Ns = 4,Na = 2, quadrature PSK(QPSK)} and
{Ns = 4,Na = 1, 16-QAM} both outperform non-hPSM
with {Ns = 4,Na = 4,BPSK}. This implies that hPSM
could enjoy a higher spectral efficiency and a better error
performance simultaneously.
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Fig. 3. BER comparisons under different keff values: (a) keff = 2 bits/s/Hz;
(b) keff = 4 bits/s/Hz; (c) keff = 6 bits/s/Hz.

V. CONCLUSION

In this letter, we have proposed a novel index modulation
termed as hPSM for hybrid mmWave mMIMO systems over
frequency-selective channels. The concept of hPSM originates
from PSM, but is strikingly different. This is because hPSM
is essentially a technique dependent upon the analog part
which remains common for all subcarriers in hybrid mmWave
mMIMO. By carefully designing the analog part based on
the criterion of APEP minimization, the error performance of
hPSM is optimized with low complexity and demonstrated to
be advantageous over its non-hPSM counterpart.

APPENDIX

Let s im [k ] denote that the activation status of RF chains
is i and the conventional modulated symbol streams bm is
transmitted. With ML detector used at the transmitter, we have

ŝ[k ] = argmin
s i
m∈S

‖y [k ]/βk − η[k ]‖2, (13)

where S is the search space of the super-symbol s im . The
union-bound approach is adopted to derive APEP like [4],
giving rise to

Pek ≤ 1

keff |S|
∑

s i
m∈S

∑

s j
n∈S

s j
n �=s i

m

d(s im , s jn)Pr (s
i
m → s jn ), (14)

where Pr (s
i
m → s jn) denotes the pairwise error probability;

d(s im , s jn ) denotes the bit-type Hamming distance between
s im and s jn .

(i) Case 1 (Na = 1): When Na = 1, Pr (s
i
m → s jn ) can be

classified into the following three cases

Pr (s
i
m→s jn) =

⎧
⎪⎨

⎪⎩

Pi (s
i
m→s jm), if i �= j ,m = n

Pm(s im→s in ), if i = j ,m �= n

Pmi (s
i
m→s jn ), if i �= j ,m �= n,

(15)

where Pi (s
i
m → s jm ) = Q(βk · |bm |√

N0
), Pm(s im → s in ) =

Q(βk · |bm−bn |√
2N0

) and Pmi (s
i
m → s jn) = Q(βk ·

√
|bm |2+|bn |2

2N0
).

Let λ = min { |bm |√
N0

,
|bm−bn |√

2N0
,
√

|bm |2+|bn |2
2N0

}, then

Pr (s
i
m → s jn ) ≤ Q(βk · λ). (16)

(ii) Case 2 (Na ≥ 2): For Na ≥ 2, Pr (s
i
m → s jn) can be

expressed as

P(s im → s jn ) = Q

(
βk ·

√
A+B
N0

)
, (17)

where A =
∑

r∈Ψ0

|bnr |2+|bmr |2
2 and B =

∑
r∈Ψ1|bnr−bmr |2

2 . Ψ1 denotes the set of indices that are correctly
detected and Ψ0 denotes the complementary set of Ψ1.

Let λ = min{
√

A+B
N0

}, then

Pr (s
i
m → s jn ) ≤ Q(βk · λ). (18)

Eqs. (16) and (18) tell that the pairwise error probability
could be unified as

Pek ≤ 1

keff |S|
∑

s i
m∈S

∑

s j
n∈S

s j
n �=s i

m

d(sim , sjn )Q(βk · λ) = γkQ(βk · λ),

(19)

with γk = 1
keff |S|

∑
s i
m∈S

∑
s j
n∈Ss j

n �=s i
m
d(sim , s

j
n ) depen-

dent on the mapping manner of subcarrier-k only.
Combining Na = 1 and Na ≥ 2, with the same map-

ping manner employed of all subcarriers, i.e., γ1 = γ2 =
. . . = γK = γ, a general system APEP can be finally
approximated as

Pe =
1

K

K∑

k=1

Pek ≈ 1

K

K∑

k=1

γk ·Q(βk · λ) = γ

K

K∑

k=1

Q(βk · λ).

(20)
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