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Line-of-Sight (LOS) Spatial Modulation (SM) for

Indoor mmWave Communication at 60 GHz
Peng Liu, Student Member, IEEE, Marco Di Renzo, Senior Member, IEEE, and Andreas Springer, Member, IEEE

Abstract—In this paper, we propose to use spatial modulation
(SM) and the generalized spatial modulation (GSM) MIMO
schemes in indoor line-of-sight (LOS) millimeter-wave (mmWave)
communication at 60 GHz. SM/GSM are known but only at
low-GHz frequencies where the channels are typically rich
scattered and characterized by Rayleigh or Rician distribution.
However, 60 GHz indoor channels are typically not rich but
rather sparsely scattered and dominated by the LOS component,
thus making them different from low-GHz fading channels and
our work novel. We first seek to optimize SM in LOS by finding
the channel conditions that minimize its symbol error probability
(SEP). Then we extend our studies to LOS GSM and derive its
channel capacity and SEP. Furthermore, we present numerical
studies on the behavior and performance of SM/GSM in LOS.
LOS spatial multiplexing (SMX) and beamforming (BF) MIMO
schemes are used as benchmarks for comparison. At last, we
propose novel TX and RX hardware architectures, both of which
use only a single RF chain, for implementation of SM/GSM at
mmWave frequencies. Both simplicity and good performance are
exhibited by LOS SM/GSM thus making them very attractive
techniques for short-range indoor mmWave communications at
60 GHz.

Index Terms—Indoor millimeter-wave (mmWave) communi-
cation, line-of-sight (LOS) MIMO, 60 GHz, spatial modulation
(SM), generalized spatial modulation (GSM)

I. INTRODUCTION

M
ILLIMETER-wave (mmWave) communication, which

is largely motivated by the global spectrum shortage

at the current 2G, 3G, and 4G frequencies, is an emerging

technology that provides us with multi-GHz bandwidth and

enables transmission rates of multi-Gbps [1]–[3]. Especially,

with up to 7GHz unlicensed bandwidth available worldwide,

the 60GHz band (57− 64GHz) has gained significant interest

in the industry which is evidenced e.g., by the standardization

of Wireless HD, IEEE 802.15.3c, and IEEE 802.11ad [4].

A major concern with communications at mmWave frequen-

cies is the much higher free space path loss (FSPL) due to

smaller wavelength, e.g., the FSPL at 60GHz is 35.6 dB higher
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than at 1GHz. High gains are usually needed at the transmitter

(TX) and receiver (RX) to compensate for the FSPL [2]. There

have been many practical works on using phased arrays and

beamforming (BF) to achieve high gains for single-stream

transmission [5]–[8]. However, the mmWave propagation in

indoor environments is dominated by line-of-sight (LOS)

components and BF achieves only array gain. On the other hand,

even in LOS, enormous spatial multiplexing (SMX) gain can

be achieved by using SMX-MIMO [9]–[11], thus motivating

us to consider multi-stream MIMO also in indoor mmWave

communications.

On one hand, multi-stream MIMO schemes based on

conventional SMX are able to achieve higher data rates than

single-stream transmission. On the other hand, they need N
full TX chains to transmit N data streams, thus introducing

significant cost and processing complexity to the system [12].

As shown by [13], SMX-MIMO, due to the use of multiple

TX RF chains, is significantly inefficient in terms of the

bits/J energy efficiency. Cost and power consumption of

mmWave components are high, therefore it is unlikely to

dedicate a separate RF chain and digital-to-analog converter

(DAC)/analog-to-digital converter (ADC) for each antenna, but

it is more likely to use fewer RF chains than the number of

antennas [14], [15]. In [11], a hybrid BF/SMX architecture,

which uses a smaller number of RF chains than the number of

antennas, was proposed for LOS mmWave communications. In

[15], a hybrid RF/baseband precoder architecture, which uses

NRF
t TX RF chains to transmit N data streams via Nt TX

antennas (where N ≤ NRF
t ≤ Nt), was proposed for sparsely

scattered mmWave channels. However, in both examples, N
(or more) RF chains are still needed for transmission of N
data streams.

We propose to use the simpler and more energy-efficient

spatial modulation (SM) and its generalization the generalized

spatial modulation (GSM) [12], [16]–[18] in indoor mmWave

communications. As depicted in Fig. 1, SM/GSM is capable of

transmitting two streams — one in the spatial domain and the

other in the conventional in-phase and quadrature (IQ) domain

— using a single TX RF chain. The benefits of using SM/GSM

are comprehensively addressed in [18]. Here we highlight: 1)

reduced complexity and cost due to the fact that SM/GSM

needs only one TX RF chain; 2) significantly improved energy

efficiency at the TX [13]; and 3) the single RF plus antenna

switching architecture seems to be a very attractive solution

for large scale MIMO.

At mmWave frequencies, the indoor propagation is

quasi-optical, sparsely scattered and with large reflection

and blockage losses (see Section II-C). Therefore, in this
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paper, we only consider the dominant LOS components. In a

rich-scattering environment at low-GHz frequencies, antennas

with separations down to λ/2 can lead to sufficiently small

channel correlations and a high rank1 MIMO channel can easily

be established to support simultaneous transmission of multiple

data streams [19]. However, in a strong LOS environment,

the principle of so-called LOS-MIMO [9]–[11], [20] should

be utilized to achieve high capacity. LOS-MIMO relies on

appropriate separation of the antennas, which is in general

much larger than λ/2, to achieve a high rank channel and

thus high capacity [9]. The optimal antenna separation depends

on both the wavelength and the TX-RX distance (see Section

III-C). A shorter wavelength and smaller TX-RX distance both

lead to a smaller optimal antenna separation, thus making

LOS-MIMO more practical for short-range indoor mmWave

communications.

We first study the symbol error probability (SEP) and

channel capacity of LOS SM/GSM based on a (full-complexity)

maximum likelihood (ML) RX. Then we propose and study

practical TX and (reduced-complexity) RX architectures. The

SEP of the ML RX is used as a benchmark in the SEP study

of the proposed RX. The novelty and major contributions of

this paper are summarized as follows:

• We propose to use SM/GSM for indoor LOS mmWave

communication at 60GHz, which is not yet seen in

the mmWave literature. Although SM/GSM are known

schemes, they have only been considered and applied at

low-GHz frequencies, where the channel characteristics

are typically Rayleigh or Rician fading. Due to the

randomness and low correlation of rich scattered fading

channels, SM/GSM in low-GHz fading channels generally

does not need excess antenna separations and down to

λ/2 antenna separations were used in practice [21]–[23].

However, the 60GHz indoor channel is not rich but rather

sparsely scattered and dominated by LOS components and

thus is different from typical low-GHz channels [24].

• We try to minimize the SEP of SM in LOS by maximizing

the minimum Euclidean distance of the RX-side SM

symbols Φmin. As a result, we find that the (column)

channel orthogonality condition (21) is a condition that

maximizes Φmin and thus optimizes the SEP. Since it

requires proper (inter-element) separation of the TX and

RX antennas in order to achieve (21), it turns out that

optimized SEP of LOS SM requires proper separation of

TX and RX antennas.

• We derive the channel capacity and SEP for LOS GSM,

which is a natural generalization of LOS SM for higher

data rates while still using a single TX RF chain and the

same number of antennas. The analyses and results based

on LOS channels are novel. Our numerical results and

further analysis in Section V bring further insight into

the behavior and performance of SM/GSM in LOS. In

addition, we study the robustness of condition (21) and

the impact of not having perfect orthogonality.

1The rank of a channel matrix is equal to the number of linearly independent
rows or columns of the channel matrix [9].

...

1

R
F
sw

it
ch

Spatial
stream

PAMixer

Nt

Antenna selector

IQ
stream

...

1

Nr

IQ
m
o
d
u
la
to
r

D
et
ec
to
r

Spatial
stream

IQ
stream

Fig. 1. Conceptual block diagram for SM/GSM.

• We propose novel TX and RX hardware architectures, both

of which use only a single RF chain, for implementation

of SM/GSM at mmWave frequencies. The proposed TX

features a parallel shunt switching structure and a flexible

power delivering network. The number of power amplifiers

(PAs) (at design phase) can be selected according to the

link power budget. The proposed RX features hybrid

RF/digital processing and separate detection of the spatial

and IQ streams.

To the best of our knowledge, the only closely related

works are [25] and [26]. In [25], a so-called antenna subset

modulation (ASM) scheme, which is also based on the antenna

switching principle, was introduced to mmWave communica-

tion. However, in ASM the purpose of antenna switching was

for communication security but not directly used for carrying

information bits. In [26], LOS space shift keying (SSK) was

proposed for indoor mmWave communication and the same

orthogonality condition (21) was used. However, since SSK

does not transmit an IQ stream, there was no consideration

of an IQ constellation and the optimality of the orthogonality

condition for LOS SM/GSM was not clear.

The rest of the paper is organized as follows. In Section

II, we describe the principle of SM/GSM and the system and

channel models. In Section III, we optimize LOS SM by finding

the channel conditions that minimize its SEP. In Section IV, we

derive the channel capacity and SEP generally for LOS GSM.

In Section V, we present numerical results for LOS SM/GSM

and compare with LOS SMX and BF. Furthermore we perform

an analysis of the robustness of the orthogonality condition

and the impact of not having perfect orthogonality. In Section

VI, we propose novel TX and RX hardware architectures for

implementation of SM/GSM at mmWave frequencies. Finally,

Section VII concludes the paper.

II. PRINCIPLE AND SYSTEM MODEL

A. Principle of SM/GSM

As depicted in Fig. 1, SM/GSM can transmit two data

streams, namely an IQ stream and a spatial stream, using a

single TX RF chain. The bits of the IQ stream are modulated

using a conventional IQ modulation scheme, e.g., quadrature

amplitude modulation (QAM) or phase shift keying (PSK),

and the bits of the spatial stream are mapped into TX antenna

indices, based on which one or more TX antennas are activated.

In SM, only a single TX antenna is activated per channel

use. However, in GSM, Nu TX antennas can be activated per

channel use, where Nu can be varied for different symbols.

For simplicity, we restrict our studies to SM and fixed-Nu
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Fig. 2. LOS MIMO using arbitrarily placed ULAs. The coordinate system
is chosen such that the center of the TX ULA locates at the origin and the
center of the RX ULA lies on the x-axis. Furthermore, the TX ULA lies in
the xz-plane, i.e., ϕt = 0.

GSM (a.k.a. GSM-Nu). Apparently, SM is a special case of

GSM-Nu with Nu = 1. SM achieves a rate of log2 Nt in the

spatial domain and a total rate of log2 Nt + log2 M , where

M is the IQ constellation size. GSM-Nu achieves a spatial

rate of log2
(
Nt

Nu

)
and a total rate of log2

(
Nt

Nu

)
+ log2 M [16].

Apparently, higher data rates can be achieved by GSM with

the same number of TX antennas. Note that we do not restrict

the number of antenna combinations to an integer power of

two. Therefore, the spatial rate log2
(
Nt

Nu

)
can be a fractional

number2.

B. Antenna Array

As shown in Fig. 2, we consider an Nt ×Nr LOS MIMO

system using two arbitrarily placed uniform linear arrays

(ULAs), where Nt is the number of TX antennas and Nr

is the number of RX antennas. The antenna separations in the

TX and RX ULAs are respectively st and sr, and the TX-RX

distance is D, which is measured between the center points of

the TX and RX ULAs. Geometrically, the ULAs each have two

degrees of freedom, namely the azimuth angle ϕ and the tilt

angle β (or equivalently the elevation angle θ = π/2−β). Since

we are only interested in their relative geometric relations, only

three angles are used — the tilt angles βt and βr respectively

at the TX and RX and the azimuth angle ϕr at the RX. Note

that we limit βt and βr to [0, π/2] yet are still being able to

cover all cases.

We do not consider the physical implementation and radiation

pattern of the antennas, but assume that the antennas have the

same gain at the LOS directions.

C. 60 GHz Indoor Channel Model

As stated in Section I, in this paper we consider only a pure

LOS channel. In this section, before we describe the pure LOS

channel model, we first elaborate on why we only consider

LOS components and in which scenarios the pure LOS channel

model fits.

Indoor propagation at 60GHz shows the following charac-

teristics:

1) The propagation at mmWave frequencies exhibits a

quasi-optical behavior with most of the signal energy

being received along the LOS path and a few reflected

2Fractional bits transmission can be achieved e.g., using the fractional bit
modulation given in [27] which is based on the modulus conversion theory,
or the bit-padding method given in [28] which maps different bit lengths onto
the indices of the TX antennas.

paths. Measured results show that geometry-optical ray-

tracing covers the transmission characteristics well and

the transmission path loss is well predicted by the Friis

transmission equation [29]–[31].

2) High reflection loss. It was shown in [30] by measure-

ments that each reflection at the walls or ceiling typically

introduces a reflection loss of 10 dB. It is thus common

to consider only up to second order reflections, which

have 20 dB reflection loss on average and additional path

loss due to increased path lengths as compared to the

LOS path.

3) Blockage and penetration losses are generally higher at

higher frequencies. The blockage loss of a human body

is typically 20 dB and the blockage loss of a 1-cm-thick

wooden barrier is about 10 dB [6]. The practical indoor

operation range at 60GHz is likely to be limited by

penetration loss and therefore mostly confined to a single

room [32].

According to the above description of the propagation

characteristics and further details of the IEEE802.11ad (60GHz
WLAN) indoor channel model [24], it is evident that the

60GHz indoor channel is dominated by LOS components.

The non-line-of-sight (NLOS) components, depending on the

beamwidth and position of the antennas, include only few

highly attenuated rays3. These facts motivate us to design our

scheme only based on LOS components, while ignoring the

NLOS components.

The LOS MIMO channel can be described using an Nr×Nt

matrix as

H =




h11 · · · h1Nt

...
. . .

...

hNr1 · · · hNrNt


 , (1)

where hji is the LOS component of the channel impulse

response from the i-th TX antenna to the j-th RX antenna,

and is normalized by the FSPL due to the TX-RX distance D.

According to the Friis equation [29], hji is calculated as

hji =
λ

4πdji
exp(−❥kdji) ·

4πD

λ
≈ exp(−❥kdji) (2)

where k = 2π/λ is the wave number, dji is length of the LOS

path between the i-th TX antenna and the j-th RX antenna, ❥

is the complex unit. For the approximation in (2) to hold, we

have assumed that the TX and RX array lengths Lt, Lr are

much smaller than D, i.e., Lt, Lr ≪ D.

III. ERROR PERFORMANCE OPTIMIZATION OF LOS SM

In this section, we seek to find the channel conditions that

optimize the error performance of SM in LOS. We first give

the SEP expression for LOS SM using an ML detector. Then

3For example, in the STA-STA (device-to-device) sub-scenario [24, Section
3.3], if the azimuth beam angles of the TX and RX antennas do not exceed
±62◦, all the first order clusters from walls will be eliminated, because none
of them have TX and RX azimuth angles simultaneously falling in this azimuth
beam range [24, Figure 9]. If the elevation beam angles of the TX and RX
antennas are less than 56.6◦, the (only) first order cluster reflected by ceiling
is eliminated as well [24, Figure 10]. Meanwhile, most of the second order
clusters [24, Figure 11], which are weaker than the first order clusters due to
one more reflection and longer path lengths, are eliminated as well.
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we formulate the optimization problem in a tractable manner,

i.e., in terms of maximizing the minimum Euclidean distance

of the RX symbols. Upon solving the optimization problem,

we will find the channel conditions that can optimize the

error performance of SM in LOS. At the end, we compare

the optimal channel conditions found for LOS SM with the

optimal conditions for LOS SMX.

A. Spatial Modulation and ML Detection

The SM modulation alphabet is defined as

S =





qm · [ · · · , 0,
i-th︷︸︸︷
1 , 0, · · · ]T︸ ︷︷ ︸
ei

∣∣∣∣∣∣∣

i = 1, · · · , Nt

m = 1, · · · ,M





, (3)

where qm is an IQ symbol, and M is the IQ constellation size.

The definition of S reflects the fact that in SM the information

is modulated not only in the traditional IQ domain but also in

the spatial domain (by selecting one out of Nt TX antennas

for activation). The received signal vector y ∈ C
Nr×1 is given

by

y = Hsi,m + n = qmhi + n (4)

where si,m ∈ S is the transmitted SM symbol, hi is the i-th
column of H, n ∈ C

Nr×1 is an independent and identically

distributed (i.i.d.) complex additive white Gaussian noise

(AWGN) vector with covariance matrix N0INr
(where INr

is

an Nr ×Nr identity matrix). Due to single antenna activation

at the TX, the received signal vector at the RX contains only

a single column of the channel matrix multiplied by an IQ

symbol. This is different from SMX-MIMO, in which the

received signal typically contains a combination of all columns

of the channel matrix.

The optimal (ML) detection of the SM symbols requires

joint detection of i and m [33], i.e.,

(̂ı, m̂) = argmax
i,m

py
(
y
∣∣si,m,H

)
(5a)

= argmin
i,m

‖y − qmhi‖ , (5b)

where py(·) is the probability density function (PDF) of y,

and ‖·‖ evaluates the Euclidean distance.

B. SEP of LOS SM and Optimization

A tight upper bound for the SEP of LOS SM, which is based

on the union bound method and derived for the ML detector

(5) [34], is given by

Ps ≤
1

MNt

∑

i,m

∑

i′,m′

(i′,m′) 6=(i,m)

Pr[(i,m) → (i′,m′)|(i,m)], (6)

where Pr[(i,m) → (i′,m′)|(i,m)] is a pairwise error proba-

bility that denotes the probability of (i′,m′) being detected

given that (i,m) was sent. Pr[(i,m) → (i′,m′)|(i,m)] can be

calculated as

Pr[(i,m) → (i′,m′)|(i,m)]

= Pr
[
‖y − qm′hi′‖ < ‖y − qmhi‖

]

= Pr
[
‖qmhi − qm′hi′ + n‖2 < ‖n‖2

]

= Pr
[
(qmhi − qm′hi′ + n)

H
(qmhi − qm′hi′ + n) < nHn

]

= Pr
[
‖qmhi − qm′hi′‖2 < 2ℜ

¶

(qm′hi′ − qmhi)
H
n
©

︸ ︷︷ ︸
nΣ

]

(7)= Q

(
 

Φ

2N0

)
,

where nΣ, which is a simplified notation for nΣ(i,m, i′,m′),
is Gaussian distributed

nΣ ∼ N
Ä

0, 2 ‖qm′hi′ − qmhi‖2 N0

ä

,

and Φ, which is a simplified notation for Φ(i,m, i′,m′), is the

squared Euclidean distance between two RX-side SM symbols

Φ = ‖qmhi − qm′hi′‖2 , (8)

and Q(·) is the Gaussian Q-function. Although sharing the

same union bound method, (6) is different from the average

error probability given in [34, (9)] for SM in fading channels.

In fading channels, the error probability must be averaged

over the fading channel statistics [34]. However, in our case,

the channel is deterministic and (6) including its optimization

below are unique to (pure) LOS channels. Furthermore, for

conventional SM in a rich scattered environment, the channel

is random and only the IQ constellation {qm} can be taken

as a parameter for optimization but not the channel. In this

paper, since the channel is deterministic and determined by

the geometric relations between the antennas, we can optimize

the performance of LOS SM by optimizing the channel via

choosing suitable antenna separations. This is a novelty of our

work, and in Section III-D we will further address this.

Equation (6) indicates that the SEP depends on all possible

pairs of the SM symbol Euclidean distances. To minimize

the error probability, in general we wish to maximize all the

SM symbol Euclidean distances simultaneously. However, we

maximize the minimum symbol Euclidean distance since at high

signal-to-noise ratio (SNR) Ps is limited by the smallest symbol

Euclidean distance [35, ch. 4]. This optimization problem can

be formulated as

maximize
{qm},{hi}

min
i,i′,m,m′,(i,m) 6=(i′,m′)

‖qmhi − qm′hi′‖2
︸ ︷︷ ︸

,Φmin

. (9)

There is also an implicit constraint that {hi}, which is

determined by Nt, Nr, st, sr, ϕt, βt, βr and D, needs to

be realizable using ULAs. To make the optimization problem

(9) tractable, we break down the pairwise Euclidean distance

Φ of SM symbols into three cases, and assume that the

IQ constellation {qm} is independent of {hi}, i.e., we only

consider optimizing {hi}. For ease of presentation, we assume

that the IQ constellation is either M -PSK or M -QAM (with
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square, rectangular, or circular constellations [35, ch. 3–4]),

which are the most commonly used constellations.

1) Case I (i = i′ and m 6= m′, i.e. correct spatial symbol

and wrong IQ symbol): Because of (2), we have ‖hi‖ =
√
Nr,

thus Φmin in this case can be found from (8) to be

Φ
(1)
min = min

i,m,m′

‖hi‖2 |qm − qm′ |2 = Nrd
2
min, (10)

where dmin = minm,m′(m 6=m′) |qm − qm′ | is the minimum

symbol distance in the IQ constellation.

2) Case II (i 6= i′ and m = m′, i.e. wrong spatial symbol

and correct IQ symbol): In this case (8) can be written into

Φ = ‖hi − hi′‖2 r2m = 2Nr

(
1− cos θ(i, i′)

)
r2m (11)

where rm = |qm| is the magnitude of qm, and θ(i, i′) is the

Euclidean angle [36] between hi and hi′ defined as

θ(i, i′) = arccos
ℜ{〈hi,hi′〉}
‖hi‖‖hi′‖

∈ [0, π], (12)

where 〈·, ·〉 is the Hermitian inner product defined as 〈v,w〉 =
v⊺w∗, and (·)⊺ and (·)∗ are respectively the transpose and

conjugate operators. Since 1− cos θ is an increasing function

over [0, π], Φmin in this case is found from (11) to be

Φ
(2)
min = 2Nrr

2
min (1− cos θmin) , (13)

where rmin = minm rm, and θmin = mini,i′(i 6=i′) θ(i, i
′).

3) Case III (i 6= i′ and m 6= m′, i.e. wrong spatial symbol

and wrong IQ symbol): According to Appendix A, we have

Φ ≥ Nr

î

r2m + r2m′ − 2rmrm′ cos θH(i, i
′)
ó

(14a)

= Nr

î

(rm − rm′)
2
+ 2rmrm′

(
1− cos θH(i, i

′)
)ó

(14b)

≥ 2Nrrmrm′

(
1− cos θH(i, i

′)
)
, (14c)

where θH(i, i
′) ∈ [0, π/2] is the so-called Hermitian angle (see

Appendix A). Since 1− cos θH is an increasing function over

[0, π/2], Φmin in this case is found from (14c) to be

Φ
(3)
min = 2Nrr

2
min

(
1− cos θH,min

)
, (15)

where θH,min = mini,i′(i 6=i′) θH(i, i
′).

The global Φmin is therefore given by

(16)
Φmin = min

{
Φ

(1)
min,Φ

(2)
min,Φ

(3)
min

}
= Nr min

¶

d2min,

2r2min (1− cos θmin) , 2r
2
min

(
1− cos θH,min

)©
.

The system shows an RX array gain of Nr. However, more

important than increasing Nr is to “choose” θmin and θH,min

properly, otherwise Φmin in (16) can still be very small or

even zero regardless of Nr. In what follows, we take θmin and

θH,min as variables to maximize Φmin. Consider the following

facts: 1) 0 ≤ Φ
(2)
min ≤ 4Nrr

2
min, because θ(i, i′) ∈ [0, π]; 2)

0 ≤ Φ
(3)
min ≤ 2Nrr

2
min, because θH(i, i

′) ∈ [0, π/2]; 3) for

QAM, d2min = 2r2min [35]; 4) for M (M ≥ 4)-PSK, d2min =
4r2min sin

2
(
π/M

)
≤ 2r2min; 5) for BPSK, d2min = 4r2min. It is

clear that the maximum possible Φmin, which we denote as

Φ̂min, for QAM and M(M ≥ 4)-PSK is given by

Φ̂min = Φ
(1)
min = Nrd

2
min, (17)

and for BPSK by

Φ̂min = max
θH,min

Φ
(3)
min = 2Nrr

2
min. (18)

To achieve (17), we need

®

2r2min (1− cos θmin) ≥ d2min,

2r2min

(
1− cos θH,min

)
≥ d2min,

(19a)

(19b)

which in turn requires

®

θ0 ≤ θmin ≤ π,

θ0 ≤ θH,min ≤ π/2,

(20a)

(20b)

where θ0 , arccos(1 − d2min/(2r
2
min)) with arccos(·) being

restricted to [0, π].
Since for QAM we have d2min = 2r2min and θ0 = π/2,

(20b) reduces to θH,min = π/2, or equivalently θH(i, i
′) =

π/2, ∀i, i′(i 6= i′), which, because of (49) and (50) in

Appendix A, is equivalent to

〈hi,hi′〉i 6=i′ = 0 ∀i, i′ ∈ {1, 2, · · · , Nt}. (21)

Equation (21) in turn leads to θ(i, i′) = π/2 ∀i, i′(i 6= i′) and

satisfies (20a). Apparently (21) also satisfies (20) and (19) and

achieves (17). To achieve (18), it can be shown that we also

need (21).

In summary, we have found (21) as a solution to maximize

Φmin for LOS SM using M -QAM or M -PSK in the IQ domain.

The above analysis is validated by numerical simulations

which are based on an exhaustive search of Φmin (over

{Φi,m,i′,m′ |(i,m) 6= (i′,m′)}). The simulation results are

omitted here due to the page limit.

Under condition (21), the SEP in (6) can be further simplified.

However, we delay this to Section IV-C, where we will derive

the SEP for LOS GSM using (21).

C. Orthogonal Channel Construction

To achieve (21), the antenna separation product (ASP) stsr
has to be chosen properly, and the optimal ASP that leads to

(21) has previously been derived in [9], [10], [19]. Using the

coordinates of Fig. 2 and following the derivation of [9], we

have

dji − dji′ ≈ (j − 1)P +R, (22)

where P = 1/D · (i′ − i)stsr cosβt cosβr, R = (i′ −
i)st sinβt + 1/(2D) · [−(i + i′ − 2)st cosβt + Lt cosβt −
Lr cosβr](i

′ − i)st cosβt. Thus

(23)

〈hi,hi′〉i 6=i′ =

Nr∑

j=1

exp
[
−❥k(dji − dji′)

]

≈
Nr∑

j=1

exp
î

−❥k
[
(j − 1)P +R

]ó

=
1− exp (−❥kNrP )

1− exp (−❥kP )
exp (−❥kR)

= sin

Å

kNrP

2

ã

¬

sin

Å

kP

2

ã

︸ ︷︷ ︸
I

×J,
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where J = exp[−❥k((Nr − 1)P/2 + R)]. Since there is no

general solution for J = 0, we have to force I = 0 in

order to achieve (21). Note that (23) generates a group of(
Nt

2

)
conditions for all i, i′ ∈ {1, · · · , Nt} and i 6= i′. These

conditions together lead to the optimum ASP

stsr ≈ nDλζ/Nr, (24)

where ζ , 1/(cosβt cosβr), n ∈ Z
+\{pNr/q|p ∈ Z

+, q =
1, ..., Nt − 1}, and Nr ≥ Nt ≥ 2. In (24), ζ is termed tilt

factor which measures the degree of tilt of the ULAs. Since

βt, βr ∈ [0, π/2], it holds that ζ ≥ 1. When the ULAs are

parallel and aligned, i.e., βt = βr = 0, we have ζ = 1, i.e., no

tilt. For minimum antenna separations we choose n = 1 and

the condition becomes

stsr ≈ Dλζ/Nr, and Nr ≥ Nt ≥ 2. (25)

Perfect orthogonality will be lost if the actual ASP differs

from the optimal value. To measure this, we use an ASP

deviation factor η which was previously defined in [9] as

η =
Minimum ASP for orthogonality

Actual ASP
=

Dλζ/Nr

stsr
, (26)

where the minimum ASP for orthogonality is given in (25).

Further note that the stsr in the demoninator of (26) denotes

the actual ASP and should not be confused with the optimal

ASP (to achieve channel orthogonality) given in (25). If the

actual ASP is larger than the optimal ASP, we have η < 1;

if the actual ASP is smaller than the optimal ASP, we have

η > 1. In what follows, we use η as an (inverted) normalized

ASP.

D. Comparison with LOS SMX-MIMO

Although (21) is the same as the column orthogonality

condition used in LOS SMX-MIMO for the case of Nr ≥ Nt

[9], [11], it is important to notice that the underlying problems

are different. We address the main differences as follows:

1) The optimization problems are different. In the LOS

SMX-MIMO literature, e.g., [9]–[11], the goal was to

find the optimal antenna separations that maximize the

SMX channel capacity, and (21) was found as a solution

for the case of Nr ≥ Nt. The essence is that (21)

guarantees H having Nt equal eigenvalues, thus the SMX

capacity is maximized [9]. However, in our case, due to

the unavailability of a closed-form expression for the SM

channel capacity (see Section IV-B), we instead seek to

optimize the SEP of SM. The essence here is that (21)

minimizes the SEP of SM by maximizing the minimum

Euclidean distance of the RX-side SM symbols.

2) The requirements on the array dimensions are not exactly

the same. In our case, we need Nr ≥ Nt in order to

achieve the column orthogonality (21). However, in LOS

SMX-MIMO, there are two cases: if Nr ≥ Nt, the

column orthogonal condition (21) is optimal; if Nt ≥ Nr,

the optimal solution is a row orthogonal condition [10].

As a result, in any case, min(Nt, Nr) number of data

streams can be transmitted.

0.2 1 10
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4
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8

η

Φ
m

in
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SMX-2 (8-QAM)
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GSM-2 (4-QAM)

GSM-1 (8-QAM)

GSM-2 (8-QAM)

Fig. 3. The minimum Euclidean distance of the RX-side symbols Φmin vs.
ASP for different LOS MIMO schemes. We assume: 4× 4 (Nt ×Nr) MIMO
with parallel and aligned ULAs (i.e., ζ = 1), f = 60GHz, st = sr and
D = 3m. SMX-2 denotes SMX with two parallel IQ streams. Different IQ
constellations are used and indicated in the legend. The curves are generated
numerically based on exhaustive searches for Φmin. The two magenta circles,
which fall on the respective curves for GSM-1 (4-QAM) and GSM-1 (8-QAM),
are calculated from (17). The derivations for (17) are apparently validated.
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Fig. 4. The minimum optimal ASP needed to maximize the channel capacity of
different LOS systems. The optimal ASPs are found by numerical optimization
of (30) for SM/GSM and the first step of (46) for SMX. For all systems we
assume parallel and aligned ULAs (i.e., ζ = 1), f = 60GHz, st = sr and
D = 3m. In the legend, the MIMO size is indicated in the format Nt ×Nr ,
and SMX-2 denotes SMX with two parallel IQ streams. The SNR is defined
as the ratio of the TX power to the RX noise power.

3) The meaning of (21) is different for the two kinds of

systems. To maximize Φmin (thus to minimize SEP), it

is confirmed by numerical results (see Fig. 3 for the

cases with 4-QAM and 8-QAM) that (21) is in general a

necessary and sufficient condition for LOS SM/GSM us-

ing QAM and M(M ≤ 8)-PSK constellations; however,

(21), though sufficient, is not a necessary condition to

maximize Φmin for LOS SMX. If we seek to optimize the

capacity, the simulation results in Fig. 4 indicate that (21),

which corresponds to η = 1, is necessary to optimize the

capacity of LOS SMX. This result was already proved

in [11] and therefore is expected. However, to maximize

the capacity of LOS SM/GSM, (21) tends to be needed

only at moderate SNR.
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IV. CAPACITY AND SEP OF LOS GSM

As introduced in Section II-A, GSM is a generalization of

SM which can achieve higher data rates in the spatial domain

by activating more than one TX antenna per channel use. In

this section, we consider fixed-Nu GSM (a.k.a GSM-Nu) and

derive its capacity and SEP based on the framework of LOS

SM. The meaningfulness of LOS GSM is enhanced by the fact

that (21) also maximizes Φmin for LOS GSM (see also item

3 in Section III-D). In the capacity derivation, we assume no

channel state information at TX (CSIT) but perfect channel

state information at RX (CSIR). In the SEP derivation, as

already implicitly done in the previous section, we assume that

H is known at the RX.

A. Extended Channel Model

The SM system model (4) can be extended for GSM-Nu as

y = H · ei√
Nu

· s+ n =
s√
Nu

∑

k∈Ii

hk + n, (27)

where ei is an Nt×1 vector composed of Nu 1’s and Nt−Nu

0’s, and Ii = {k| k ∈ {1, · · · , Nt} and ei(k) = 1} is the set

of indices of the activated TX antennas corresponding to ei.

According to these definitions we have
∣∣{ei}

∣∣ =
(
Nt

Nu

)
(where

|·| for a set denotes its cardinality) and |Ii|= Nu.

Specifically, when the orthogonality condition (21) is ful-

filled, we can write (27) into an equivalent system model4

ỹ =
√
NrH

†y =

 

Nr

Nu

eis+ ñ (28)

where ñ ∼ CN (0, N0INt
).

B. Capacity

The mutual information between the input and output of the

system model (27) can be calculated, according to the chain

rule for information as [37]

I(i, s;y) = I(s;y|i) + I(i;y). (29)

Equation (29) indicates that the mutual information of the

GSM channel is the sum of the average mutual information

(over i) of the (conventional) IQ channels and the mutual

information of the spatial channel. Therefore the (total) channel

capacity can be written as C = C1 + C2, where C1 and C2

are respectively the IQ domain mutual information and spatial

domain mutual information that correspond to the two terms

on the right-hand side of (29). The optimal signaling of i and s,

and the (total) channel capacity C can be found by maximizing

I(i, s;y) with respect to p(i) (the probability mass function

(PMF) of i) and p(s) (the PDF of s). However, because the

channel input contains both discrete and continuous signals,

4By the singular value decomposition theorem, we have H = UΣVH,
where U ∈ CNr×Nr and V ∈ CNt×Nt are unitary, and Σ ∈ RNr×Nt is
a diagonal rectangular matrix containing square roots of eigenvalues of HHH

(the same as those of HHH) listed in descending order from upper left to lower
right. Due to (21), we have HHH = diag(Nr, · · · , Nr) ∈ R

Nt×Nt and
Σ = diag(

√
Nr, · · · ,

√
Nr) with Nt nonzero entries. The pseudo-inverse of

H is given by H† = VΣ†UH, where Σ† = (ΣHΣ)−1ΣH. By multiplying
y by

√
NrH

† we come up with (28).

finding a solution for the optimal signaling of i and s is not

easily possible. Below we use a simple signaling scheme —

zero-mean complex Gaussian (ZMCG) signaling in the IQ

domain and uniform signaling in the spatial domain — that

was first used in [37]. ZMCG signaling is known to be optimal

in the IQ domain, and equal use of the antenna groups is also

reasonable when CSIT is not available due to two reasons: 1)

without CSIT we have no information about which antenna

group should be more often used; 2) uniform distribution of i
maximizes the information modulated on the spatial dimension.

On the other hand, the signaling scheme is strictly not optimal

and we will address the sub-optimality issue at the end of this

subsection.

Theorem 1. The capacity achieved by LOS GSM-Nu with

ZMCG signaling in the IQ domain and uniform signaling in

the spatial domain is given by

(30)

C =
∑

i

p(i)


log2

Ö

1 +
Es

NuN0

∥∥∥∥∥∥
∑

k∈Ii

hk

∥∥∥∥∥∥

2
è


︸ ︷︷ ︸
C1

+ log2
(
Nt

Nu

)
− 1(

Nt

Nu

)
∑

i

Ey|i

ñ

log2

∑
i′ p(y|i′)
p(y|i)

ô

︸ ︷︷ ︸
C2

,

where Es is the average energy of the IQ symbol, Ey|i[·] is

the expectation over conditional random vector y (conditioned

on i), p(i) is the PMF of i, p(y|i) is the conditional PDF of

y given by

p(y|i) = 1

|πΓi|
exp
î

−yHΓ−1
i y
ó

, (31)

and Γi ∈ C
Nr×Nr is the co-variance matrix of y given by

Γi =
Es

Nu

·


∑

k∈Ii

hk




∑

k∈Ii

hH
k


+N0I. (32)

Proof: Given the i-th spatial symbol, (27) describes a

single stream being sent over an Nu × Nr MIMO channel.

The mutual information is maximized when 1) s is ZM-

CG-distributed, i.e., s ∼ CN (0, Es), and 2) the received signal

vector is maximal ratio combined [38, ch. 5]. Without CSIT,

equal power is therefore allocated for different IQ channels,

i.e, Es is constant over i. It is straightforward to write the IQ

domain capacity C1 as

C1 =
∑

i

p(i)


log2

Ñ

1 +
Es

N0

∥∥∥∥∥
1√
Nu

Hei

∥∥∥∥∥

2
é
 , (33)

which can be further written into the form in (30).
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Uniform distribution of i means p(i) = 1/
(
Nt

Nu

)
and H(i) =

log2
(
Nt

Nu

)
. H(i|y) can be calculated as

(34)

H(i|y) =
∫

y

∑

i

p(y, i) log2
1

p(i|y) dy

=
1(
Nt

Nu

)
∫

y

∑

i

p(y|i) log2
∑

i′ p(y|i′)
p(y|i) dy

=
1(
Nt

Nu

)
∑

i

Ey|i

ñ

log2

∑
i′ p(y|i′)
p(y|i)

ô

.

Therefore, C2 = I(i;y) = H(i)−H(i|y) is as given in (30).

Theorem 2. When the LOS MIMO channel is column or-

thogonal, the capacity achieved by LOS GSM-Nu with ZMCG

signaling in the IQ domain and uniform signaling in the spatial

domain is given by

C = log2

Å

1 +Nr

Es

N0

ã

︸ ︷︷ ︸
C1

+ log2
(
Nt

Nu

)
− Eỹ|1

î

log2 Ψ̃i

ó

︸ ︷︷ ︸
C2

, (35)

where

Ψ̃i = 1 +
∑

i′(i′ 6=i)

exp[−ỹH(Γ̃−1
i′ − Γ̃−1

i )ỹ], (36)

the PDF of ỹ given i is given by

p(ỹ|i) = 1∣∣∣πΓ̃i

∣∣∣
exp

[
−ỹHΓ̃

−1

i ỹ

]
, (37)

and Γ̃i ∈ R
Nt×Nt is the co-variance matrix of ỹ given by

Γ̃i =
NrEs

Nu

eie
T
i +N0I. (38)

Proof: Under condition (21), we have
∥∥∥∥∥∥
∑

k∈Ii

hk

∥∥∥∥∥∥

2

=
∑

k∈Ii

‖hk‖2 = NrNu, (39)

and C1 of (30) can be simplified into the form in (35). Under

condition (21) and based on the equivalent channel model given

in (28), it is trivial to write C2 of (30) into the from in (35).

Due to symmetry among {i}, i in Eỹ|i[·] can be arbitrarily

chosen, therefore in (35) we write Eỹ|1[·].
We have two remarks on (35): 1) We observe that the RX

array introduces an array gain of Nr in C1, but no array gain

is achieved by the TX array; 2) In general, C2 in (35) can not

be further simplified. To evaluate it, we can resort to numerical

methods e.g., Monte Carlo averaging.

The suboptimality of the above two step optimization of

I(i, s;y) lies in the fact that although Gaussian signaling of

s maximizes I(s;y|i) and uniform signaling of i maximizes

H(i), it is not immediately clear if the sum of I(s;y|i) and

I(i;y) is maximized. Due to randomness, a Gaussian s is

intuitively not an optimal signaling to maximize I(i;y). As

confirmed in Fig. 8(a), compared to the above C2 which results

from a Gaussian s, a constant s (over i) leads to a larger spatial

mutual information which we denote as C ′
2. The derivation of

C ′
2 is similar to that of C2 except for a constant s and therefore

is omitted here. Note that due to a constant s, GSM simplifies

into generalized space shift keying (GSSK) which transmits

information only in the spatial domain. Therefore, C1 + C ′
2 is

an upper bound that results from independent maximization of

the two terms in I(s;y|i) + I(i;y). We will show in Fig. 8(a)

that the upper bound is actually achieved by uniform i and

ZMCG s at high SNR. At low SNR, the gap between C1+C2

and C1 + C ′
2, however, is not significant.

C. Symbol Error Probability (SEP)

An upper bound SEP for GSM-Nu with ML detection, which

is partly based on the union bound method [34], is given by

Ps ≤Ei

î

Pr
[
error in m|i

]ó

+ Ei,m


 ∑

i′,m′(i′ 6=i)

Pr[(i,m) → (i′,m′)|(i,m)]


 (40)

where Pr
[
error in m|i

]
is the SEP in the IQ domain given

the i-th spatial symbol, and Pr[(i,m) → (i′,m′)|(i,m)] is the

probability of (i′,m′) being detected given that (i,m) was

sent. For conventional IQ constellations, the error probability

is usually exactly known [35]. This not only makes (40) tighter

than (6), but also makes evaluation of Ps more convenient.

Theorem 3. When the LOS MIMO channel is column orthog-

onal, the SEP for LOS GSM-Nu is given by

Ps ≤ Piq + Psp + Pjoint, (41)

where

Piq = Pm

Å

Nr

Es

N0

ã

(42)

with Pm(·) being the SEP of the IQ modulation, and

Psp =
1

M

∑

m

Nu∑

d̄=1

(
Nu

Nu−d̄

)(
Nt−Nu

d̄

)
Q

Ñ

 

d̄Nrr2m
NuN0

é

(43)

Pjoint =
1

M

∑

m

∑

m′

(m′ 6=m)

Nu∑

d̄=1

(
Nu

Nu−d̄

)(
Nt−Nu

d̄

)
×

Q

Ñ

 

(Nu − d̄)Nrd2mm′ +d̄Nr

(
r2m + r2m′

)

2NuN0

é

. (44)

Proof: The proof is provided in Appendix B.

In (41), Piq is the average IQ SEP, Psp is the average spatial

SEP, and Pjoint the average probability of the detection for

the IQ and spatial symbols being simultaneously wrong.

V. NUMERICAL RESULTS AND FURTHER ANALYSIS

The purpose of this section is twofold: 1) to develop a

quantitative understanding of the performance achieved by LOS

SM/GSM, including a look into the robustness of the scheme

and the impact of not having perfect channel orthogonality,

and 2) to compare the performance of SM/GSM with SMX

and BF in (pure) LOS.
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Fig. 5. Array length L and antenna separation s vs. the number of antennas
N . Equal number of antennas, and equal antenna separations are assumed for
TX and RX. The curves are generated according to (25) with f = 60GHz
and ζ = 1.

A. LOS MIMO Channel

1) Array Dimensions: To see the physical dimensions

needed to achieve condition (21) at 60GHz, in Fig. 5 we

plot the array length L and antenna separation s versus the

number of receive antennas Nr for various indoor-relevant

TX-RX distances (D = 1− 10m) according to (25). We see

that for typical indoor distances of a few meters and within an

array length of 20− 50 cm, which lies within the dimensions

of laptops, desktop PC monitors or HD TV’s, setting up a

perfectly orthogonal LOS MIMO channel with 10 to 20 (TX)

antennas is possible.

2) Robustness: The optimal ASP to achieve channel orthog-

onality was found based on a deterministic analysis for given

λ, D, and ζ. Perfect orthogonality can be achieved only at a

single frequency for given D and ζ . Therefore, in this part, we

investigate the robustness of the channel orthogonality against

1) a change of these parameters, and 2) errors in CSIR which

may be caused by a sudden change of the relative geometric

relations between the TX and RX arrays (because of user

movement or vibration of the terminal).

At 60GHz, a communication bandwidth of e.g., 2.16GHz as

used in IEEE802.11ad and Wireless HD [14], should be easily

covered, since, if centered at 60GHz, 2.16GHz translates into

a very small span of η = 0.98− 1.01. Regarding the tilt factor

ζ, since LOS MIMO relies on the broadside of the TX and

RX arrays to face each other, ζ should not be too large. As an

extreme example, if both arrays lie on the x-axis (see Fig. 2),

we have ζ = ∞ and the system cannot operate in an LOS

mode. Below we assume parallel and aligned arrays, i.e., ζ = 1
and investigate the impact of varying D.

We consider a 4×4 MIMO system with parallel and aligned

ULAs, i.e., ζ = 1 and st = sr = 5 cm, where the stsr is

chosen to be optimal, i.e., η = 1 for D = 2m at 60GHz. The

normalized channel Euclidean distance

Φh(i, i
′) =

1

2Nr

‖hi − hi′‖2 (45)

for various η are plotted in Fig. 6 by varying D from 0.2m to

20m (where D = 0.2m and 20m respectively correspond to

η = 0.1 and 10). We see that when η becomes large (η ≫ 1)
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Fig. 7. Robustness of channel orthogonality against errors in CSIR due to a
sudden change the relative geometric relations of the TX and RX arrays.

due to increased D, the channel Euclidean distances decrease

and tend to vanish. When η becomes small (η ≪ 1) due to

decreased D, there are two kinds of variations of Φh over η:

1) the full scale variations within the range 0− 2, and 2) the

smaller variations within the range 0.7− 1.3. Comparing this

with Fig. 10 in Section V-D, we find that the capacity in the

high SNR regime is only sensitive to large variations of Φh,

but not to the small variations. In Section V-D, we will provide

a further in-dept analysis of the impact of the variations of Φh

on the GSM capacity.

To look into the impact of errors in CSIR due to a sudden

change of the geometric relations between TX and RX arrays,

we use the same 4 × 4 system as parameterized above, and

obtain the perfect CSIR, i.e., {hi} at D = 2m. Then we

move the RX by an offset within the range −100λ to 100λ
and measure

{
h′
i

}
. In Fig. 7, we project h1 on to

{
h′
i

}
and

plot the energy. It is immediately clear that the orthogonality

condition is not sensitive to CSIR errors due to an offset in

the range of up to ±20λ which, at 60GHz, means ±10 cm.

B. Channel Capacity

In this subsection, we quantitatively study the capacity of

GSM-MIMO in comparison with SMX-MIMO and BF-MIMO

in LOS. The same number of TX and RX antennas are used

in the comparison between GSM-MIMO and BF-MIMO since
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capacities C1 + C′

2 for the corresponding GSM-Nu schemes.

both schemes use a single TX chain. For SMX-MIMO, the

number of RX antennas is the same as for the other schemes

we consider, but we assume each TX antenna is equipped

with a dedicated TX chain, i.e., in total Nt TX chains and the

number of TX antennas is varied. The reason why different

numbers of TX antennas are used in SMX-MIMO originates

from the fact that the cost and power consumption are related

to the number of RF chains [2], [14]. In GSM-MIMO we

exploit larger number of antennas in a more energy-efficient

manner by using a single TX chain.

The capacity of LOS GSM-Nu under the orthogonal channel

condition (21) is plotted in Fig. 8 for different Nu’s, and the

capacities of LOS BF and LOS SMX [9], [11] are plotted for

comparison. The array setup according to (25) is used for both

GSM-Nu and SMX, and the curves for GSM-Nu and SMX

are generated respectively according to (35) and the second

(non-inline) equation on page 7 of [39]

CSMX = log2

∣∣∣∣INr
+

Pt

NtN0
HHH

∣∣∣∣ = Nt log2

Å

1 +
NrPt

NtN0

ã

,

(46)

where Pt is the total transmit power. For BF-MIMO in LOS, an

upper bound for the capacity, which is achievable with spatial

combining at the TX and maximal ratio combining (MRC) at

the RX using antenna separations down to λ/2 [5], [6], is

CBF ≤ log2
(
1 +NtNrPt/N0

)
, (47)

where Pt is the total transmit power. Therefore, the curves for

BF are generated according to (47).

First we analyze the capacity of GSM-Nu. We see that

GSM-1 achieves the same capacity as BF at moderate and

high SNR. With more TX antennas activated per channel use,

i.e., Nu > 1, GSM-Nu achieves higher capacity at moderate

and high SNR. At low SNR, larger Nu leads to lower capacity,

but the capacity differences between GSM-Nu with different

Nu’s are marginal. Since the upper limit of C2 in (35) is

log2
(
Nt

Nu

)
and

(
Nt

Nu

)
=
(

Nt

Nt−Nu

)
, at high SNR the largest

capacity achieved by GSM-Nu is when Nu =
⌊
Nt/2

⌋
. That

is why the largest capacity achieved by GSM-Nu is shown

in Fig. 8(a) by GSM-4 for 8× 8 MIMO and in Fig. 8(b) by

GSM-8 for 16× 16 MIMO.

Comparison of GSM-Nu and SMX: As expected, SMX

shows a huge capacity gain over GSM-Nu and BF. However,

SMX needs Nt full TX chains to transmit Nt data streams.

A major advantage of GSM lies in its simplicity due to the

single-RF architecture. Actually as shown in Fig. 8(b), for

large Nt and particularly when Nu =
⌊
Nt/2

⌋
, a significant

portion of the capacity gap between SMX and BF is filled up

by GSM-Nu.

Comparison of GSM and BF: At high SNR, BF achieves the

asymptotic capacity log2(NtNrEs/N0). However, GSM-Nu

has an asymptotic capacity of log2(NtNrEs/N0)− log2(Nt)+
log2

(
Nt

Nu

)
. Thus BF achieves the same capacity as GSM-1.

Depending on Nu, the gap between the capacities of BF and

GSM-Nu at high SNR can be large, despite the fact that GSM

also only uses a single TX chain. The strength of BF is at low

SNR, where it achieves a higher capacity than both GSM-Nu

and SMX.

We remark that:

• At low SNR, BF gain is more important than SMX gain,

i.e., BF is more suitable in the power-limited regime.

• GSM-Nu under the orthogonal channel condition does

not achieve any TX array gain in the IQ domain, but

it attains spatial domain capacity. The spatial domain

capacity attained by GSM-1 at sufficient SNR is equal

to the amount of capacity increase due the Nt-fold TX

array gain in BF.

• It is thus shown that by separating the antennas appropri-

ately and using GSM or SMX, much higher capacities

than that of BF can be achieved in LOS.

• With GSM-Nu, we only need one TX RF chain, while

SMX needs the same number of full TX chains (baseband

and RF) as the number of data streams.
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C. Symbol Error Probability (SEP)

In this subsection, we study the SEP of GSM-MIMO

in comparison with SMX-MIMO and BF-MIMO in LOS.

Similarly as in Section V-B, the same number of TX and

RX antennas are used in the comparison between GSM-MIMO

and BF-MIMO. For SMX-MIMO, the number of RX antennas

is the same as for the other schemes we consider, but we

assume each TX antenna is equipped with a dedicated TX

chain and the number of TX antennas is varied. Different from

Section V-B is that here the purpose is to compare the error

probabilities for the same data rate. Therefore the parameters

Nt, Nu and M are chosen, on top of the aforementioned

assumptions, in a way that the same data rate is achieved with

different schemes.

The SEP for GSM-Nu versus per-bit-SNR Eb/N0 is plotted

in Fig. 9 for data rates of 6 bpcu, 8 bpcu and 16 bpcu
respectively in three subfigures5. The curves for GSM-Nu,

BF and SMX are generated respectively according to (41),

(57) and (59), and these SEP expressions are validated by

simulated results that are indicated in Fig. 9(a) by magenta

dots. Furthermore, the simulated results show that the upper

bound given by (41) becomes tight at moderate and high SNR.

It is shown in (41) that the SEP of GSM-Nu depends on

the IQ symbol distances {dmm′} and magnitudes {rm}, and

the distance between the spatial symbols {d̄ii′}. Optimized

error performance is expected if we make a balanced use of

the parameters Nt, Nu and M . We notice in Fig. 9 that to

achieve the given rates, GSM-Nu with 4-QAM outperforms

both GSM-Nu with 1-QAM6 and GSM-Nu with M(M >
4)-QAM. Therefore, to achieve a certain data rate, keeping

M = 4 and moving to larger Nu is more efficient than keeping

a small Nu and moving to a larger M than 4.

Comparison of GSM-Nu and SMX: As expected, for a fixed

data rate SMX with larger number of TX antennas and lower

order QAM in general performs better than a configuration

with smaller number of streams but with higher order QAM.

In Fig. 9(b), 8×8 MIMO using GSM-4 with 4-QAM performs

similar as 4 × 8 MIMO using SMX with 4-QAM, despite

the fact that the latter has much higher capacity as shown

in Fig. 8(a). In Fig. 9(c), 16× 16 MIMO using GSM-8 with

4-QAM performs only marginally worse than 8× 16 MIMO

using SMX with 4-QAM, despite the fact that the latter has

much higher capacity as shown in Fig. 8(b).

Comparison of GSM-Nu and BF: In Fig. 9(a), BF can

achieve relatively good error performance at a data rate of

6 bpcu. However, to achieve higher data rates BF requires

higher order QAM, which always gives (much) worse error

performance compared to GSM-Nu. This again shows that BF

is a suitable scheme only in the power-limited regime for lower

data rates.

D. Impact of Non-Orthogonal Channel on GSM Capacity

In this subsection, we investigate the impact of not having

perfect channel orthogonality, i.e. η 6= 1. In order to take

advantage of Fig. 6, we use exactly the same set of parameters

of the 4 × 4 system that was used to generate Fig. 6, and

similarly we vary D from 0.2m to 20m. The capacities of

GSM-1 and GSM-2 are simulated according to (30) at “high

SNR” Es/N0 = 15dB and plotted in Fig. 10 with respect to

η.

First we consider GSM-1 and analyze C1 and C2 separately.

If we ignore any approximation errors due to (2), in (30)

‖Hei/
√
Nu‖2= Nr is a constant and C1 does not depend on η.

The first part of C2 in (30), i.e. H(i), is constant. However, the

second part, H(i|y), which measures the average uncertainty of

i given y, depends on the Euclidean distance between the spatial

symbols. The larger the Euclidean distance between the spatial

symbols, the less is the uncertainty of i given y at a certain

SNR level, and vice versa. It is shown in Fig. 6 that when

η <1, which means the actual ASP is larger than the optimal

value, the Euclidean distance between some channel pairs can

become 0, thus making detection of those pairs impossible. For

example, because of Φh(1, 3) = 0 and Φh(2, 4) = 0 in Fig. 6 at

η = 0.5, which implies that there are only two distinguishable

spatial symbols, C2 in Fig. 10 at η = 0.5 reduces to 1 bpcu.

When η increases above 1, which means the actual ASP is

smaller than the optimal value, as expected the spatial capacity

decreases. However, even at η = 10, i.e, D = 20m, more than

1 bpcu of the spatial capacity is still attained.

Now we consider GSM-2. Unless the channel is perfectly

orthogonal, {hk}k∈Ii
in (30) can add both constructively and

destructively thus causing C1 to vary. When η gets larger than

1, the vectors {hk}k∈Ii
move closer to each other and tend

to add constructively. This means that when η > 1, GSM-Nu

(Nu > 1) can exploit some TX array gain and larger η suggests

higher C1. Apparently the upper limit of C1 is equal to the

capacity of an Nu ×Nr BF-MIMO. When η gets larger than

1, C2 of GSM-2 drops faster than in the case of GSM-1. As

shown in Fig. 10, at η = 10, C2 of GSM-2 ends up with

the same value as GSM-1. This means that when the spatial

degree of freedom is limited due to insufficient ASP, creating

more spatial symbols by switching on a larger number of TX

antennas per symbol does not lead to a higher spatial domain

capacity.

On one hand, good capacity is achieved under the orthogonal

channel condition at η = 1, and, overall, the total capacity C
of GSM-Nu is rather robust over η. On the other hand, the

maximum total capacity for GSM-2 is reached at η = 4 but

not η = 1, thus showing the sub-optimality of the orthogonal

channel condition (see also Fig. 4).

When the normalized channel Euclidean distance Φh(i, i
′)

is too small, i.e., close to 0, it becomes difficult or impossible

to distinguish the pair of hi and hi′ , thus implying a reduction

of the spatial domain performance; when Φh(i, i
′) is too large,

5For the GSM-Nu curves, the actual data rate can be slightly different from
the nominal rate R, e.g., in the case of 16 × 16 MIMO using GSM-4 and
64-QAM the exact rate is 16.83 bps, instead of R = 16bpcu.

6GSM-Nu with 1-QAM is actually GSSK with Nu TX antennas activated
per channel use (a.k.a. GSSK-Nu).
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i.e., close to 2, the pair of hi and hi′ cancel each other, thus

implying a reduction of the IQ domain performance. Therefore,

the channel Euclidean distance as a partial channel information

may be needed for the TX to adapt for optimized operation

by skipping or grouping together some of the TX antennas.

VI. PRACTICAL IMPLEMENTATION

Although SM/GSM has been extensively researched at

low-GHz frequencies and has shown to be a simple scheme in

concept, its practical implementation has not been sufficiently

addressed [18] and remains an open issue. In this section, we

try to address this issue by proposing two novel hardware

architectures — one for TX and one for RX — with special

considerations for implementation at mmWave frequencies.

The proposed TX and RX are shown in Fig. 11, and, in what

follows, we introduce their working principles and show some

simulation results.

A. TX

The implementation of fixed-Nu GSM at mmWave frequen-

cies is facing the following main challenges: 1) fast Nu-to-Nt

switching at symbol rate, 2) large routing loss due to the excess
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Fig. 11. Proposed TX and RX for LOS SM/GSM at mmWave frequencies.

antenna separations necessary to achieve optimized SEP in

LOS, and 3) tight link power budget due to limited output power

of mmWave PAs, lossy routing and high FSPL at mmWave

frequencies. We therefore propose a novel TX architecture that

is shown in Fig. 11(a) to address these issues.

In the proposed TX, the (single) modulated IQ signal is

up-converted to RF and split into Np branches, each of which

is equipped with a PA. And each PA is connected to a

sub-group of TX antennas, out of which a fixed number which

is smaller than Nu is activated, but the total number of activated

antennas must be Nu. For example, in a system with Nt = 8,

Nu = 4 and Np = 2, we can let each sub-group contain

Nt/Np = 4 antennas and activate Nu/Np = 2 antennas from

each sub-group within each time slot. The switching within

each sub-group of TX antennas is based on the single-pole

multi-throw (SPMT) switching structure of [40], but in our

case more than one TX antennas may have to be activated

within each time slot. A TX antenna is activate and deactivated

respectively by switching OFF and ON the corresponding

shunt switch (SW). The quarter-wave transformer serves two

purposes: 1) when an SW is ON, it transforms the short circuit

into an open circuit; 2) to match the total load impedance of

the activated (or non-short-circuited) branches to the source

impedance. The switching speed should not be a bottleneck,

since the shunt SWs are just single-pole double-throw (SPDT)

switches, which have been reported to be able to switch at a

maximum rate of 13GHz (rise/fall time: 25/50 ps) [41].

The selection of Np is mainly a consideration of the total

transmit power and the routing loss. Increasing Np can increase

the total transmit power and reduce the routing loss (because

each PA would then only need to cover a smaller number of

adjacent TX antennas). In this paper, we stick to Np = 1,

which leads to the simplest implementation with single-RF.

B. RX

At the RX, we have to detect the IQ symbol and the indices of

the activated TX antennas in order to recover the IQ and spatial

streams, either jointly or separately [12], [33], [42]. Depending

on the detection strategy, the architecture and complexity of

the RX may look differently. For example, an ML detector [33]

may require Nr full RX chains and this may be acceptable only

for small scale (i.e., small Nr) systems. For large scale systems,

the cost and power consumption of mmWave components [14],

[15] force us to consider other cost-effective and power-efficient

RX architectures. Therefore we propose the RX architecture

in Fig. 11(b), which features hybrid RF/digital processing and

separate detection of the IQ and spatial streams.

In the proposed RX, we use RF phase shifters to equalize the

received signal vector, which is largely motivated by the hybrid

architecture for mmWave SMX MIMO [15]. The purpose of

the Nt ×Nr equalizer matrix, which is formed by the phase

shifters, is to separate the Nr × Nt MIMO channel into Nt

individual SISO channels, which correspond to the Nt branches

as shown in Fig. 11(b). In each time slot, the spatial symbol

is detected by identifying the Nu branches that contain an

IQ symbol. Since the equalization is conducted at RF, the

detection of the presence of an IQ symbol at each branch is

just a matter of detecting the magnitude of the signal. For this

purpose, we can use the envelope detectors that are widely

used in non-coherent on-off keying (OOK) receivers [43], [44].

The spatial symbol detector may use Nt low-resolution or

even 1-bit ADCs. Based on the detected spatial symbol, the

Nu detected branches are combined (e.g., using MRC), down-

converted to baseband, and quantized in full resolution for

IQ symbol detection. As a result, we need Nt low-resolution

ADCs for spatial symbol detection, and one mixer and two

full resolution ADCs for IQ symbol detection. The hardware

complexity has been greatly reduced thus making the scheme

practical for large Nt and Nr. This is in contrast to the ML

RX, which needs Nr mixers and 2Nr full resolution ADCs.

C. Simulated SEP

For an exemplary demonstration of the SEP performance

using the proposed TX and RX, we assume a 8 × 8 system

with parallel and aligned ULAs (i.e., ζ = 1), and choose an

ASP such that the channel is orthogonal at D = 3m. The

component values and link parameters are listed in Table I.

Furthermore, we use a zero forcing (ZF) equalizer, i.e., HH,

for simulation. More precisely, we apply only the phases of

HH to the corresponding phase shifters. The spatial symbol

detection is based on a strategy of finding the Nu (out of

Nt) maxima of the magnitudes of the equalized signals. For

IQ detection, the detected Nu equalized signals are simply

summed up and an ML detector is applied to detect the IQ

symbol. Since the RX scheme used in the simulation features
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Fig. 12. Simulated error probability of a 8× 8 LOS GSM system using the proposed TX and RX. Detailed simulation parameters are listed in Table I.

TABLE I
LINK BUDGET FOR LOS SM/GSM USING THE PROPOSED TX†

Center frequency GHz 60

Bandwidth GHz 1

PA output power [45, TABLE 1] dBm PPA (P−1 dB ≤ 19.7)

Switch insertion loss [40], [46] dBm 3

Routing loss (0.04 dB/mm [47]) dBm 6

TX antenna gain dBi 5

FSPL over 3m dB 77.6

RX antenna gain dBi 9

Noise power (290K) dBm − 84

RX noise figure [48], [49] dB 6

SNR (TX power to noise power) dB PPA + 5.4

† The system is 8 × 8 and with parallel and aligned ULAs, i.e., ζ = 1. A
single PA is assumed, i.e., Np = 1. The TX and RX antenna separations are
st = sr = 4.3 cm, which achieve perfect channel orthogonality at D = 3m.
Moderate TX and RX antenna gains are assumed.

both ZF equalization and separation detection, we denote it as

ZFSD. The simulation results are plotted in Fig. 12. We see

that in the case of GSM-1 with 4-QAM in Fig. 12(a), ZFSD

achieves the ML performance. In the case of GSM-4 with

4-QAM and 16-QAM respectively in Fig. 12(b) and Fig. 12(c),

the error performance of ZFSD is within 1 dB to ML7. These

results confirm that our proposed RX has a very promising

error performance.

VII. CONCLUSION

In this paper, we studied LOS SM/GSM for indoor mmWave

communication at 60GHz. We sought to optimize the error

performance of SM in LOS by maximizing the minimum

Euclidean distance of received SM symbols. As a result, we

found that the error performance of LOS SM/GSM can be

7Since, for GSM-4, Piq is considerably lower than Psp, and Ps is determined
by Psp, the less than 1 dB penalty is mainly due to the error performance
deterioration in the spatial domain.

optimized by making the channel matrix column-orthogonal.

We derived the capacity and SEP for LOS SM/GSM and

presented numerical results which gave insight into the behavior

and performance of SM/GSM in LOS. Finally, we proposed

novel TX and RX hardware architectures for implementation

of SM/GSM at mmWave frequencies. Overall, we have shown

that LOS SM/GSM is a promising scheme, especially for

short-range indoor mmWave communications, in which the

short wavelength enables us to pack a large number of antennas

within the device dimensions. On-going research is concerned

with an exact analysis of the power efficiency of the proposed

TX architecture and an in-depth analysis of the proposed RX

architecture.

APPENDIX A

DERIVATION OF Φmin FOR THE CASE i 6= i′ AND m 6= m′

In the case of i 6= i′ and m 6= m′, Φ in (8) can be written

into

Φ = Nr

[
r2m + r2m′ − 2rmrm′ℜ

¶

e❥ϑ(m,m′) cos θC(i, i
′)
©

]

(48)

where ϑ(m,m′) = 6 qm′ − 6 qm is the angle between the

2-D vectors qm and qm′ , and θC(i, i
′) a complex-valued angle

between hi and hi′ as given by [36]

cos θC(i, i
′) =

〈hi,hi′〉
‖hi‖‖hi′‖

. (49)

According to [36, (3)–(5)], we can express cos θC(i, i
′) as

cos θC(i, i
′) = cos θH(i, i

′)e❥ϕ(i,i′), (50)

where cos θH(i, i
′) = |cos θC(i, i′)| is the ratio between the

length of the orthogonal projection (with respect to the

Hermitian product) of vector hi onto vector hi′ to the length of

hi [36], θH(i, i
′) ∈ [0, π/2] is called the Hermitian angle, and
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ϕ(i, i′) ∈ [−π, π] is called the Kasner’s pseudo angle. Now

we can write (48) into

Φ = Nr

ï

r2m + r2m′ − 2rmrm′

×ℜ
{
cos θH(i, i

′)e❥[ϕ(i,i′)+ϑ(m,m′)]
}ò

= Nr

î

r2m + r2m′ − 2rmrm′

× cos θH(i, i
′) cos

[
ϕ(i, i′) + ϑ(m,m′)

]ó
.

(51)

Since cos
[
ϕ(i, i′) + ϑ(m,m′)

]
≤ 1, a lower bound for Φmin

is therefore found to be (14a).

APPENDIX B

PROOF OF THEOREM 3

The Pr[(i,m) → (i′,m′)|(i,m)] in (40) can be written into

Pr[(i,m) → (i′,m′)|(i,m)]

=Pr



∥∥∥∥∥y − qm′√

Nu

Hei′

∥∥∥∥∥

2

<

∥∥∥∥∥y − qm√
Nu

Hei

∥∥∥∥∥

2



=Pr



∥∥∥∥∥

qm√
Nu

Hei −
qm′√
Nu

Hei′

∥∥∥∥∥

2

(52)

< 2ℜ





Ç

qm′√
Nu

Hei′ −
qm√
Nu

Hei

åH

n





︸ ︷︷ ︸
nΣ




=Q

(
 

Φ

2N0

)
,

where nΣ, which is a simplified notation for nΣ(i,m, i′,m′),
is Gaussian distributed

nΣ ∼ N

Ñ

0, 2

∥∥∥∥∥
qm′√
Nu

Hei′ −
qm√
Nu

Hei

∥∥∥∥∥

2

N0

é

,

Φ, which is a simplified notation for Φ(i,m, i′,m′), is the

squared Euclidean distance between two GSM symbols

Φ =

∥∥∥∥∥
qm√
Nu

Hei −
qm′√
Nu

Hei′

∥∥∥∥∥

2

. (53)

Under condition (21), Φ in (53) can be written into

Φm 6=m′ =
|qm − qm′ |2

Nu

·

∥∥∥∥∥∥
∑

k∈Ii

hk

∥∥∥∥∥∥

2

= Nrd
2
mm′ , (54)

Φi 6=i′ =
r2m
Nu

·

∥∥∥∥∥∥
∑

k∈Ii

hk −
∑

k′∈Ii′

hk′

∥∥∥∥∥∥

2

=
r2m
Nu

·




∥∥∥∥∥∥∥

∑

k∈Ii\Ii′

hk

∥∥∥∥∥∥∥

2

+

∥∥∥∥∥∥∥

∑

k′∈Ii′\Ii

hk′

∥∥∥∥∥∥∥

2



=
2d̄ii′Nrr

2
m

Nu

(55)

where dmm′ = |qm − qm′ | is the IQ symbol distance, d̄ii′ =∣∣Ii\Ii′
∣∣ =

∣∣Ii′\Ii
∣∣ is the number of antennas activated by ei

but not by ei′ , or by ei′ but not by ei, and

Φ i 6=i′

m 6=m′

=
1

Nu

·

∥∥∥∥∥∥
qm
∑

k∈Ii

hk − qm′

∑

k′∈Ii′

hk′

∥∥∥∥∥∥

2

=
1

Nu




∥∥∥∥∥∥
(qm − qm′)

∑

k∈Ii∩Ii′

hk

∥∥∥∥∥∥

2

(56)

+

∥∥∥∥∥∥∥
qm

∑

k∈Ii\Ii′

hk

∥∥∥∥∥∥∥

2

+

∥∥∥∥∥∥∥
qm′

∑

k′∈Ii′\Ii

hk′

∥∥∥∥∥∥∥

2



=
1

Nu

[
(Nu − d̄ii′)Nrd

2
mm′ +d̄ii′Nr

Ä

r2m + r2m′

ä

]
.

By the definition of d̄ii′ , there is d̄ii′ = ‖ei − ei′‖2 /2, where

‖ei − ei′‖2 is the hamming distance between ei and ei′ . By

considering (54) and plugging (39), (55), (56) and (52) into

(40), we come up with (41).

APPENDIX C

SEP OF BF-MIMO AND SMX-MIMO IN LOS

In BF-MIMO, ideally Nt-fold TX array gain and Nr-fold

RX array gain can be simultaneously achieved by using spatial

combining at TX and MRC at RX [6] [5], therefore the best

achievable SEP for BF-MIMO using rectangular M -QAM is

[35], [50]

Ps,BF = Pm

(
NtNrEs/N0

)
= 1−P (MI , d)P (MQ, d) (57)

where d =
»

12NtNrEs/(M2
I +M2

Q − 2), MI and MQ are

respectively the number of signal levels in the in-phase and

quadrature dimensions, i.e., M = MIMQ, and

P (M,d) = 1− 2
(
1− 1/M

)
Q
(
d
¿√

2N0

)
. (58)

The SEP for SMX-MIMO, which simultaneously sends

Nt rectangular M -QAM streams, is found by considering

the equivalent channel model [39, Section 3.1] and using

independent detection of the Nt streams [35], [50] as

(59)Ps,SMX = 1−
[
P (MI , d)P (MQ, d)

]Nt

where d =
»

12NrEs/Nt/(M2
I +M2

Q − 2), and MI and MQ

are respectively the number of signal levels in the in-phase

and quadrature dimensions, i.e., M = MIMQ, and P (M,d)
is as given in (58).
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