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Abstract—A novel compressed sensing-aided generalised space-
frequency index modulation (CS-GSFIM) scheme is conceived for
the large-scale multi-user multiple-input multiple-output uplink
(LS-MU-MIMO-UL). Explicitly, the information bits are mapped
both to the spatial- and frequency-domain indices, where we treat
the activation patterns of the transmit antennas (TAs) and of the
subcarriers separately. Specifically, our indexing strategy strikes
a flexible trade-off between the throughput (Tp), performance
and complexity. In order to further increase the system’s achiev-
able rate, CS-aided pre-processing is applied to the subcarriers.
An upper bound of the average bit error probability (ABEP) of
the proposed system using the optimal maximum likelihood (ML)
detector is derived, which is shown to be tight by our simulation
results at moderate to high signal-to-noise ratios (SNRs). Then we
design a CS-aided reduced-complexity detector, namely the re-
duced search-space based iterative matching pursuit (RSS-IMP),
which significantly reduces the detection complexity compared
to the ML detection and makes the proposed design a feasible
one for LS-MU scenarios. Furthermore, the simulation results
presented in this paper demonstrate that the proposed RSS-
IMP detector significantly reduces the detection complexity, while
attaining better performances than both the conventional MU-
MIMO-OFDM system using the ML detector and the proposed
system using the minimum mean square error (MMSE) detector.
We also characterise the performances of the proposed system
in the presence of channel estimation errors. Our simulation
results show that the proposed CS-GSFIM system is more robust
to imperfect channel than the conventional MU-MIMO-OFDM
system. In order to achieve a near-capacity performance, soft-
input soft-output (SISO) decoders are designed for the proposed
CS-GSFIM system using both the ML and the RSS-IMP multi-
user detectors (MUDs) for detecting all users.

Index Terms—Two-Dimensional Index Modulation, Large-
Scale Multiple-Input Multiple-Output (MIMO) System, Com-
pressed Sensing, Orthogonal Frequency Division Multiplexing
(OFDM), Near-Capacity Performance, Maximum Achievable
Rate, Low-Complexity Detector.

I. INTRODUCTION

MULTIPLE-INPUT multiple-output orthogonal
frequency-division multiplexing (MIMO-OFDM)

has attracted substantial interest as a benefit of its high
spectral efficiency (SE) and robustness in frequency-selective
channel conditions [1]. Large-scale multi-user MIMO (LS-
MU-MIMO) systems [2] benefit from further improved
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spectral and power efficiencies in the context of next
generation wireless systems.

Spatial modulation (SM) has the extra appeal that the num-
ber of radio frequency (RF) chains may be flexibly adjusted
[3]. In its simplest form, only one out of multiple transmit
antennas (TAs) is active and the other TAs remain silent at
any time instant, where a symbol chosen from a constellation
diagram will be transmitted on the activated TA [3], [4].
Therefore, the fundamental principle of SM may be viewed
as an extension of signal constellations to a new dimension,
which is the spatial dimension (SD). Furthermore, in order
to strike more flexible trade-offs, generalised SM (GSM) was
proposed for simultaneously activating multiple TAs at a time
[5]. Then GSM was invoked in the uplink (UL) of LS-MU-
MIMO systems [6], where a message passing based low-
complexity detector was also proposed.

Inspired by the idea of SM, index modulation aided OFDM
(OFDM-IM) was proposed for frequency-selective fading
channels [7], where the information is conveyed by both
the classic amplitude/phase modulated (APM) symbols and
by the index of the activated subcarriers [8], [9]. In order
to further increase the SE and the energy efficiency (EE)
of OFDM-IM systems, a compressed sensing (CS) assisted
signalling strategy was proposed for OFDM-IM systems in
[10]–[12]. Additionally, OFDM-IM designed for the MU UL
and downlink (DL) was proposed in [13], where the peak
to average power ratio (PAPR) of the classical MU-OFDM
system was reduced.

Furthermore, multi-dimensional IM schemes were proposed
in [14]–[18], where it was shown that, for a given rate,
improved performance may be achieved upon increasing the
number of indexed transmission entities. Specifically, in [18]
a multi-dimensional IM scheme was proposed for single-
user scenarios relying both on frequency-domain as well as
on spatial-domain IM for attaining an improved performance
compared both to conventional MIMO-OFDM systems and
to one-dimensional IM systems. Explicitly, in [18] the dis-
tinctive combination of active TAs remains fixed in each
OFDM subcarrier group, whilst in this contribution it was
configured for increasing the system’s flexibility. Applying the
multi-dimensional IM strategy in LS-MU-MIMO systems is
promising. However, one of the most challenging tasks in LS-
MU-MIMO systems is the design of a reliable, low-complexity
multi-user detector (MUD) for employment at the base station
(BS).

It was predicted by Shannon [19] that forward error cor-
rection (FEC) coding can be used to attain a reliable commu-
nication, whilst incorporating redundancy into the transmitted
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TABLE I
CONTRASTING OF THE CONTRIBUTIONS

Contributions ? [6]-2015 [14]-2016 [11]-2018 [12]-2018 [17]-2018 [18]-2019
Separate multi-dimensional indexing X X
CS precoding at the transmitter X X X X
Symbol-level transmit antenna activation X X
Large-scale MIMO X X
Multi-user scenarios X X
ABEP Analysis X X X
CS based reduced-complexity multi-user detector X
Imperfect CSI X X
Soft optimal multi-user detector X
Soft reduced-complexity multi-user detector X
Maximum achievable rate analysis based on
EXIT charts

X X X

information. Hence Hamming codes [20], convolutional codes
(CC) [21], turbo codes [22] as well as diverse other channel
coding techniques [23] have been proposed as promising FEC
coding techniques since the 1950s. As a further advance,
extrinsic information transfer (EXIT) charts were introduced
in [24] and [25], which is a powerful semi-analytical tool for
analysing the convergence behaviour of iterative systems and
for evaluating their achievable throughput (Tp). The authors
of [26] and [27] have explored the bit-interleaved coded
modulation (BICM) which is one of the coded modulation
schemes [28] eminently suitable for MU-MIMO systems,
where the performance gain compared to the uncoded scenario
was substantiated by numerical results.

In this paper, we propose both uncoded and coded CS-
aided two-dimensional IM for the LS-MU-MIMO-UL com-
bining the benefits of LS-MU-MIMO, SM, GSM, OFDM-
IM and CS for UL transmission over frequency-selective
fading channels. We refer to the proposed system as CS-
aided generalised space-frequency IM (CS-GSFIM) designed
for the LS-MU-MIMO-UL, emphasising that this is the first
contribution exploring the multi-dimensional IM technique in
large-scale multi-user scenarios. Specifically, we contrast our
contributions in Table I to the most relevant treatises cited
in our paper. In our proposed design, we index the TAs and
the subcarriers separately for attaining higher design flexibility
than the joint space-frequency indexing strategy of [14], [17].
Additionally, in order to increase the diversity gain attained
as well as to improve the performance, flexibly selectable
different TA activation patterns are employed for different
transmitted symbols instead of using the same active TAs
for the entire subcarrier group, as in [18]. Then a reduced-
complexity MUD is designed for striking an attractive bit error
rate (BER) vs complexity trade-off, where the design of the
reduced-complexity MUD makes our CS-GSFIM scheme an
attractive choice for LS-MU-MIMO communications.

Against the above background, the contributions of this
paper are summarised as follows:
• A CS-GSFIM scheme is proposed for LS-MU scenarios

in order to strike a better performance vs complexity
trade-off than the conventional LS-MU-MIMO-OFDM
systems. This is the first contribution exploring the multi-
dimensional IM technique in LS-MU scenarios. The basic
idea of the proposed CS-GSFIM scheme is that for
each user, the information is conveyed by three parts,
namely by the frequency-domain (FD) IM, the spatial-

domain (SD) IM and by the classic APM symbols.
Additionally, a more flexible index activation strategy is
conceived for the proposed CS-GSFIM system than the
joint space-frequency activation patterns of [14]. Explic-
itly, we propose independent TA activation patterns and
subcarrier activations for further improving the flexibility
of the system’s design. More particularly, in order to
attain an improved diversity gain, in contrast to the
multi-dimensional scheme of [18], different TA activation
patterns may be employed for the different transmitted
APM symbols instead of fixing the active TAs for the
entire OFDM subcarrier group.

• We then analyse the average bit error probability (ABEP)
of the proposed CS-GSFIM system using ML detection
and we derive an upper bound of the ABEP. Our numeri-
cal results demonstrate that the proposed MU CS-GSFIM
scheme is capable of achieving better BER performance
than both the conventional MU-MIMO-OFDM scheme,
as well as the MU multi-dimensional IM scheme relying
on the same TA activation pattern for each subcarrier
group of [18] and the MU CS-aided frequency-domain
IM of [11], at the same SE.

• Then our reduced search-space based iterative matching
pursuit (RSS-IMP) detector is proposed for the CS-
GSFIM system, which relies on sophisticated CS prin-
ciples. The computational complexities are compared for
the proposed systems using both the ML detector, as well
as the minimum mean square error (MMSE) detector and
the RSS-IMP detector. We demonstrate that the RSS-IMP
detector is capable of striking a better BER performance
vs complexity trade-off than both the conventional MU-
MIMO-OFDM system using the ML detector and the
proposed systems using the MMSE detector, despite its
significantly reduced complexity. This makes the pro-
posed CS-GSFIM system eminently suitable for LS-MU-
MIMO communications.

• We then proceed by investigating the performances of the
proposed CS-GSFIM scheme in the presence of imperfect
channel state information (ICSI). It is demonstrated by
our simulation results that our scheme is more robust
to channel estimation errors than the conventional MU-
MIMO-OFDM system.

• For the sake of attaining a near-capacity performance,
we then design specific soft MUDs based on both the
ML detector and on the RSS-IMP detector which rely on
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Fig. 2. The transmitter architecture of the novel CS-GSFIM scheme of Fig. 1
at the user terminal.

iteratively exchanging soft information with the FEC de-
coders. Our FEC-coding based numerical results indicate
that near-capacity performances can indeed be achieved
by the proposed MUDs. Additionally, we investigate the
maximum achievable rates of the proposed CS-GSFIM
system by appropriately configuring the system parame-
ters with the aid of EXIT charts.

The remainder of this paper is organised as follows. Section
II introduces the UL transmission process of the proposed
system and Section III describes both the ML multi-user
detector as well as the RSS-IMP multi-user detector designed
for both hard-decision (HD) and soft-decision (SD) detection.
Additionally, the average complexity orders of the different
multi-user detectors are provided in Section III-C. In Section
IV, our simulation results are presented, including both the
uncoded and coded BER performances as well as the capacity
analysis. Finally, the paper is concluded in Section V.

II. SYSTEM MODEL

In this section, we introduce the proposed LS-MU CS-
GSFIM architecture supporting U UL users, as shown in
Fig. 1, where each user is equipped with Nt TAs for simul-
taneously communicating with a BS having Nr RAs, where
Nr is on the order of tens to hundreds. The transmitter of
our CS-GSFIM scheme at the user terminal is illustrated in
Fig. 2, where both CS-aided frequency-domain IM and spatial-
domain IM techniques are designed for each user in order
to improve the UL Tp vs EE. The specific procedures of
the proposed CS-GSFIM system are detailed in the following
subsections.

A. Uplink Transmission
In the block diagram of the proposed LS-MU CS-GSFIM

system seen in Fig. 1, there are U UL users communicating
with a BS and the novel CS-GSFIM-OFDM technique is
exploited for each user. As shown in Fig. 2, the information
sequence bu

1 of the u-th UL user is split into G subcarrier

1For an uncoded scenario, the information sequence bu represents the
source information, and for the coded scenario, bu represents the RSC coded
information sequence.

TABLE II
A LOOK-UP TABLE EXAMPLE OF CS-IM FOR K = 2 AND Nv = 4.

Input Bits Activated Indices Allocation

[0 0] {1, 2} [K1K2 0 0]

[0 1] {2, 3} [0K1K2 0]

[1 0] {3, 4} [0 0K1K2]

[1 1] {1, 4} [K1 0 0K2]

TABLE III
A LOOK-UP TABLE EXAMPLE OF SM/MAPPING FOR Nt = 4, Na

t = 1,
L = 2 AND K = 2.

Input
Bits

Antenna Indices APM Symbols Allocations

[000000] 1; 1 −1,−1 [−1 0 0 0 ]; [−1 0 0 0 ]

[010001] 1; 2 −1,+1 [−1 0 0 0 ]; [ 0 +1 0 0 ]

[100111] 2; 4 +1,−1 [ 0 +1 0 0 ]; [ 0 0 0−1 ]

[110100] 2; 1 +1,+1 [ 0 +1 0 0 ]; [ +1 0 0 0 ]

[001000] 3; 1 −1,−1 [ 0 0−1 0 ]; [−1 0 0 0 ]

[011011] 3; 4 −1,+1 [ 0 0−1 0 ]; [ 0 0 0 +1 ]

[101100] 4; 1 +1,−1 [ 0 0 0 +1 ]; [−1 0 0 0 ]

[111110] 4; 3 +1,+1 [ 0 0 0 +1 ]; [ 0 0 +1 0 ]

groups [7] for implementing the CS-GSFIM-OFDM technique,
where all the G subcarrier groups have the same process
as seen in Fig. 2, but the frequency index selection, the
TA selection and the transmitted APM symbols may vary
among the different subcarrier groups. As shown in Fig. 2,
in the g-th subcarrier group of the u-th user, the information
sequence bu,g is split into b1

u,g and b2
u,g , which are conveyed

by Virtual-Domain Frequency Index Selector block and the
Spatial-Domain Modulation/Mapping block, respectively.

1) Virtual-Domain Frequency Index Selector: The bit se-
quence b1

u,g of length blog2(CKNv )c is forwarded to the Virtual-
Domain Frequency Index Selector of Fig. 2. For each sub-
carrier block, only K active subcarriers are selected out of
the Nv available subcarriers by the Virtual-Domain Frequency
Index Selector of Fig. 2, and the specific selection procedure is
determined by the incoming bits b1

u,g , where a look-up table
example is provided in Table II for K = 2 and Nv = 4.
Explicitly, if b1

u,g = [0 0], then the first and the second subcar-
riers are activated for transmitting symbols. More explicitly, as
shown in Fig. 2, the Virtual-Domain Frequency Index Selector
is illustrated based on the look-up table example of Table II,
where the incoming information sequence is assumed to be
b1
u,g = [0 1], while the second and the third subcarriers, which

are shaded in Fig. 2, are activated accordingly.
2) Spatial-Domain Modulation/Mapping: For each subcar-

rier group, the information sequence b2
u,g is fed into the SD

Modulation/Mapping block of Fig. 2. In this section, both the
SM/Mapping having Na

t = 1 and the GSM/Mapping having
1 < Na

t ≤ Nt are explicitly explained as follows.
a) SM/Mapping (Na

t = 1): In a given channel use of the
SM scheme, the information bits are divided into two parts,
where blog2 C(Nt, 1)c bits are used for activating one out
of Nt TAs and log2 L bits are mapped to an L-ary classic
APM symbol. In the architecture illustrated in Fig. 2, we
have K active subcarriers in each subcarrier group, which
indicates that the Spatial-Domain Modulation/Mapping block
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Fig. 1. The coded CS-GSFIM system’s transceiver architecture, where the BS is equipped with Nr RAs to serve the U UL users and each user is equipped
with Nt TAs.

of Fig. 2 maps K L-ary APM symbols in each subcarrier block
to the corresponding active TAs for transmission. Hence, the
information sequence b2

u,g in the g-th subcarrier block of the
u-th user has the length of (K log2 L + Kblog2 C(Nt, 1))c)
bits, which combines both (K log2 L) bits for modulating K
L-ary APM symbols and Kblog2 C(Nt, 1)c bits for selecting
the active TAs in order to transmit K APM symbols. As
shown in Table III2, we apply K = 2 activated BPSK
symbols and each BPSK symbol will be transmitted through
Na
t = 1 active TA out of Nt = 4 available TAs, where

(K log2 L+Kblog2 C(Nt, 1)c) = (2×log2 2+2×blog2 4c) =
6 bits are mapped to each subcarrier block. More explicitly,
if b2

u,g = [100111], then both the second and the fourth
TAs are activated for transmitting the BPSK symbol (+1)
and the BPSK symbol (−1), respectively, whilst resulting
in the allocation blocks [0 +1 0 0] and [0 0 0−1], as seen in
Table III. Specifically, in contrast to the indexing strategy of
the literature [18] applying the same active TAs combination
for symbols in the same subcarrier group, the Spatial-Domain
Modulation of Fig. 2 is capable of carrying more information
bits. Following the process of SM/Mapping, the signal matrix
Xu,g ∈ CNt×K is obtained, which is also illustrated in Fig. 2.

b) GSM/Mapping (1 < Na
t ≤ Nt): In order to further

increase the BE of the proposed system, GSM is utilised in
the architecture seen in Fig. 2, where 1 < Na

t ≤ Nt out of
Nt TAs are activated in our scenario. Explicitly, the informa-
tion sequence b2

u,g in the g-th subcarrier block of the u-th
user has the length of (Na

t K log2 L + Kblog2 C(Nt, Na
t )c)

bits, which combines both (Na
t K log2 L) bits for modulat-

ing (Na
t · K) L-ary APM symbols and Kblog2 C(Nt, Na

t )c
bits for selecting multiple active TAs for different symbols.
Assuming that we have K = 2, Na

t = 2, Nt = 4 and
L = 2, the information sequence b2

u,g has the length of
(2 × 2 log2 2 + 2 × blog2 C(4, 2)c) = 8 bits. More explicitly,
if the incoming information sequence is b2

u,g = [00011011],
as seen in the example illustrated in Fig. 2, then the first and
fourth TAs are activated for transmitting the BPSK symbols
(−1) and (−1), while the second and third TAs are activated
for transmitting the BPSK symbols (−1) and (+1), when hav-
ing K = 2. Compared to the information sequence associated
with Na

t = 1, more information can be transmitted due to the

2There are 64 combinations in total and we use 8 out of the total
combinations as an example in Table III.

increased number of active TAs.
3) Space-Frequency Index Modulation: According to the

specific active subcarrier selection regime of the VD frequency
index selector introduced in Section II-A1 and the output ma-
trix Xu,g ∈ CNt×K of the SD modulation/mapping illustrated
in Section II-A2, the space-frequency matrix Su,g ∈ CNt×Nv
is obtained by allocating the column vectors of the SD matrix
Xu,g to the selected active subcarriers. In general, the space-
frequency matrix Su,g for each subcarrier block has a sparsity
level of Na

t ·K, where there are K active subcarriers per space-
frequency block and there are Na

t active TAs for transmitting
the signals at each active subcarrier, which results in Na

t ·K
non-zero elements in the space-frequency matrix Su,g .

4) Compressed Sensing and the Block Assembler: There
are G space-frequency matrices Su,g (g = 1, 2, . . . G) for
the u-th user, where G represents the number of subcarrier
blocks per OFDM frame. For each subcarrier block of the u-
th user, a CS measurement matrix A ∈ Cm×Nv is employed
for compressing the Nv-dimensional vector Stu,g from the t-th
TA in the VD into an m-dimensional vector stu,g from the t-th
TA in the FD, which can be expressed as

stu,g = AStu,g, (1)

where t = 1, 2, . . . , Nt and we can express the FD signals
arriving from the Nt TAs in the g-th subcarrier block of
the u-th user as Su,g ∈ CNt×m. Then, the Block Assembler
collects G FD signals Su,g to create a space-frequency super
frame Su ∈ CNt×Nc , which contains Nt OFDM symbols
for transmission from Nt TAs and can be expanded as
Su = [Su,1,Su,2, . . . ,Su,G]. Afterwards, inverse Fast Fourier
transform (IFFT) is applied to the OFDM symbol at each
TA for obtaining the time-domain (TD) symbol, followed by
concatenating the usual cyclic prefix (CP). Then, as shown
in Fig. 1, the resultant TD signals of the u-th user are
simultaneously transmitted from the Nt TAs over the wireless
channel.

Considering the UL transmission of U users, the generalised
system’s overall achievable rate (bits/s/Hz) based on the above
discussions is expressed as [11]

Rt = U ·
G(Na

t K log2 L+Kblog2(CN
a
t

Nt
)c+ blog2 C

K
Nv
c)

Nc +Ncp
.

(2)
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III. MULTI-USER DETECTION

Let Hu ∈ CNr×Nt (u = 1, 2, . . . , U) denote the MIMO
channel matrix of the u-th user, where Hu

i [n] ∈ C1×Nt

(i = 1, 2, . . . , Nr and n = 1, 2, . . . , Nc) denotes the complex
channel gain of the n-th subcarrier spanning from the Nt
TAs of the u-th user to the i-th RA. Assuming perfect
synchronisation, the signal yui [n] received from the u-th user at
the i-th RA after the CP removal and FFT-based demodulation
is given by

yui [n] = Hu
i [n]Su[n] + wu

i [n], (3)

where n = 1, 2, . . . , Nc denotes the index of the transmitted
FD subcarriers of the u-th user, Su[n] ∈ CNt×1 denotes the
FD symbols received at the n-th subcarrier from the Nt TAs
and wu

i [n] is the Gaussian noise with zero mean and variance
of σ2.

After collecting the received FD symbols yui [n] (n =
1, 2, . . . , Nc) at the Nc subcarriers, we can express the signal
yui ∈ CNc×1 received by the i-th RA from the u-th user as

yui = Hu
i su + wu

i , (4)

where Hu
i ∈ CNc×(NtNc) = diag{Hu

i [n]} (n = 1, 2, . . . , Nc)
denotes the diagonal-structure of the complex-valued channel
gain matrix for the transmission of Nc FD subcarriers of the
u-th user from the Nt TAs to the i-th RA, su ∈ C(NtNc)×1 =
[(Su[1])T (Su[2])T . . . (Su[Nc])T ]T represents the Nc-length
FD symbols of the u-th user transmitted from the Nt TAs,
while having (Na

t ·K ·G) non-zero elements, and wu
i ∈ CNc×1

denotes the Gaussian noise vector, which obeys the distribution
of CN (0, σ2).

When all users simultaneously transmit their own signals
from the Nt TAs, the FD signal yi ∈ CNc×1 received at the
i-th RA is expressed as

yi =
U∑
u=1

yui = His + wi, (5)

where Hi = [H1
i H2

i . . . HU
i ], s ∈ C(NtNcU)×1 =

[(s1)T (s2)T . . . (sU )T ]T , and wi is the Gaussian noise ma-
trix.

Stacking the received signal yi in (5) over the Nr RAs at
the BS, we can express the received signal y ∈ C(NrNc)×1 as

y = Hs + w, (6)

where y = [yT1 yT2 . . . yTNr ]
T , H ∈ C(NrNc)×(NtNcU) =

[HT
1 HT

2 . . . HT
Nr

]T and w ∈ C(NrNc)×1 =
[wT

1 wT
2 . . . wT

Nr
]T .

For the sake of analysis, the FD received signal y in (6)
can be split into G subcarrier groups and the signal yg ∈
C(Nrm)×1 of the g-th subcarrier group of the U users received
from the Nt TAs over the Nr RAs at the BS can be represented
by

yg = Hgsg + wg, (7)

where sg ∈ C(NtmU)×1 denotes the signals transmitted to the
U users of the g-th subcarrier group from the Nt TAs and
wg ∈ CNrm×1 is the Gaussian noise vector. The equivalent

channel matrix Hg ∈ C(Nrm)×(NtmU) associated with trans-
mitting the signals of U users in the g-th subcarrier group
from the Nt TAs over the Nr RAs can be expanded as

Hg =


H1

1,g H2
1,g · · · HU

1,g

H1
2,g H2

2,g · · · HU
2,g

...
...

. . .
...

H1
Nr,g

H2
Nr,g

· · · HU
Nr,g

 , (8)

where the element matrix Hu
i,g ∈ Cm×(Ntm) in (8) represents

the complex channel at the i-th RA of the u-th user received
from the Nt TAs, which can be written as

Hu
i,g =


Hu
i,g[1] 0 · · · 0
0 Hu

i,g[2] · · · 0
...

...
. . .

...
0 0 · · · Hu

i,g[m]

 . (9)

In (9), we use Hu
i,g[n] ∈ C1×Nt (n = 1, 2, . . . ,m) to represent

the complex channel gain for the n-th FD subcarrier in the g-
th subcarrier group of the u-th user spanning from the Nt TAs
to the i-th RA.

Explicitly, based on the process of the proposed CS-GSFIM-
OFDM in Fig. 2, the signals sg in (7) transmitted to the g-th
group can be expressed as

sg = ĀIgSII
g
ACxgL, (10)

where Ā ∈ C(NtmU)×(NtNvU) denotes the group-equivalent3

CS measurement matrix of A in (1), IgSI ∈ C(NtNvU)×(NtKU)

is the group-equivalent representation of the subcarrier index-
ing pattern, IgAC ∈ C(NtKU)×(KNat U) represents the group-
equivalent TA indexing for U users in the g-th subcarrier group
and we have the generalised expression of (10), since 1 ≤
Na
t ≤ Nt. Furthermore, xgL ∈ CKNat U×1 in (10) indicates the

vector containing KNa
t U transmitted APM symbols in the g-

th subcarrier group for U users, where we have 1 ≤ Na
t ≤ Nt.

Then (7) can be written as

yg = HgĀIgSII
g
ACxgL + wg = HgĀIgx

g
L + wg, (11)

where Ig ∈ C(NtNvU)×(KNat U) = IgSII
g
AC is the equivalent

supporting matrix containing the information of the active TAs
and the active subcarriers of U users in the g-th subcarrier
group.
In the following, we will detail both the hard-decision (HD)
based ML detector and the soft-decision (SD) based ML,
which are then followed by the portrayal of both the HD and
SD based reduced-complexity RSS-IMP detectors.

A. Maximum Likelihood Multi-User Detector

In this section, we introduce both the HD-aided and the
SD-aided ML detectors proposed for the uncoded and coded
CS-GSFIM system, respectively.
• HD-aided ML Detector: For the uncoded scenario of

the proposed system illustrated in Fig. 1, information

3We use a large-dimension matrix Ā derived from A to represent the
measurement matrix for compressing signals of U users transmitted from Nt

TAs, where we call this large-dimension matrix “group-equivalent” matrix.
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sequences wu (u = 1, 2, . . . , U) at the transmitter is
processed directly on a group-by-group basis by the CS-
GSFIM-OFDM encoder shown in Fig. 1 and Fig. 2.
Then, the signal received at the BS is detected by our
MUD of Fig. 1. Note that for the sake of simplicity, we
only introduce the HD-aided ML algorithm for the g-th
subcarrier group here, which can be generalised to the
entire OFDM symbol.
Let us assume that < lg, ig, jg > corresponds to the
specific input information in the g-th subcarrier group
for U users of the proposed system shown in Fig. 1.
Explicitly, (xgL)lg denotes the lg-th realisation of the
KNa

t U APM symbols for lg = 1, 2, . . . , LKN
a
t U , (IgSI)ig

represents the ig-th indexing pattern of the active sub-
carriers of the U users, given that ig = 1, 2, . . . , NU

SI ,
and (IgAC)jg is used to denote the jg-th active TAs
selection pattern for KU active subcarriers of U users
in the g-th subcarrier group for jg = 1, 2, . . . , (NK

AC)U .
Additionally, we use < l̂g, îg, ĵg > to represent the
estimate of the corresponding input information. Then
the HD-aided optimal ML detector of (6) and (11) is
expressed as

< l̂g, îg, ĵg >

= arg min
lg,ig,jg

‖yg −HgĀ(IgSI)ig (IgAC)jg (xgL)lg‖2

= arg min
lg,ig,jg

‖yg −HgĀs̄g‖2,

(12)

where we use s̄g = (IgSI)ig (IgAC)jg (Xg
L)lg to denote the

search space of the g-th subcarrier group and the ML
detector achieves the optimal detection performance in
uncoded scenarios.

• Average BEP: Here, we derive the ABEP of the proposed
multi-user scenario using ML detection for a single
subcarrier group, since all subcarrier groups have the
same pairwise error (PE) event. Considering the system
model of the g-th subcarrier group given in (7), if Sg is
transmitted but erroneously detected as ŝg ∈ C(NtmU)×1,
given the channel matrix Hg in the FD, then the condi-
tional pairwise error probability (CPEP) is expressed as
[29]

P (sg → ŝg|Hg) = Q

(√
‖Hg(sg − ŝg)‖2

2σ2

)
. (13)

Then (13) can be rewritten by using the alternative form
of the Q-function as

P (sg → ŝg|Hg) =
1
π

∫ π/2

0

exp
(
− ξd

4σ2 sin2 θ

)
dθ,

(14)

where we define

ξd = ‖Hg(sg − ŝg)‖2 (15)

=
mU∑
j=1

‖Hj
g(s

j
g − ŝjg)‖2 (16)

=
mU∑
j=1

Nr∑
i=1

(Hj
g)i(s

j
g − ŝjg)(s

j
g − ŝjg)

H(Hj
g)
H
i , (17)

and (Hj
g)i ∈ C1×Nt is the i-th row element of Hj

g ∈
CNr×Nt . Then the moment generating function (MGF)
[30] of ξd defined in (15) can be obtained according to
the quadratic form of ξd provided in (17) as

Mξd(t) =
mU∏
j=1

1(
1− t‖sjg − ŝjg‖2

)Nr . (18)

Finally, integrating the CPEP given in (14) over the
probability density function of ξd and using the MGF
Mξd(t) given in (18), the unconditional pairwise error
probability (UPEP) is obtained as

P (sg → ŝg) =
1
π

∫ π/2

0

mU∏
j=1

 sin2 θ

sin2 θ + ‖sjg−ŝjg‖2
4σ2

Nr

dθ.

(19)

After obtaining the UPEP in (19), an upper bound of the
ABEP based on the union bound can be obtained by [29]

PB ≤
1

bN (sg)

∑
sg

∑
ŝg

P (sg → ŝg)d [P (sg, ŝg)] , (20)

where b is the number of information bits transmitted
by the U users in the UL within each subcarrier group,
N (sg) is the total number of legitimate realisations of sg
for U users per subcarrier group and d [P (sg, ŝg)] is used
for representing the number of erroneous bits for the PE
event of (sg → ŝg).

• SD-aided Detector: Having presented the HD-aided ML
detector of the CS-GSFIM system, we present the SD-
aided iterative detection technique based on the classic
Logarithmic Maximum a posteriori (Log-MAP) algo-
rithm [31]. As illustrated in Fig. 1, there are U two-
stage serially concatenated systems, which incorporate
the MUD and U half-rate RSC decoders. The MUD and
each RSC decoder are connected by an interleaver and
deinterleaver pair, as shown in Fig. 1. Specifically, the
received complex-valued signal y in (6) is demapped by
the MUD shown in Fig. 1 to its log likelihood ratio (LLR)
representations for the channel-coded bits of each of the
U users. The MUD’s extrinsic output LLRs LM,e of the
u-th user are deinterleaved by the soft-bit deinterleaver
of Fig. 1 for generating the a priori LLRs LR,a entered
into the RSC decoder in order to calculate the extrinsic
LLRs LR,e based on the Log-MAP algorithm [31] for all
channel-coded symbols of the u-th user. As seen in Fig. 1,
LR,e is then appropriately reordered as LM,a by the soft-
bit interleaver and fed back to the MUD as the a priori
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information for providing improved extrinsic LLRs. The
improved extrinsic LLRs are then passed to the RSC
decoder and then back to the MUD for further inner-outer
(IO) iterations.
Using the received signal model of (6), the conditional
probability of receiving the signal y given the full search-
space s̄ while exploring all realisations of the CS-GSFIM
for U users can be expressed as

p(y|s̄) =
1

(πN0)NrU
exp

(
−‖y −Hs̄‖2

N0

)
. (21)

According to the UL transmission of the U users dis-
cussed in Section II-A, the received signal y of (6) carries
b = [b1 b2 . . . bu . . . bU ] channel-coded bits, as seen
in Fig. 1, where each user carries B channel coded bits
and we use bu(i) (i = 1, 2, . . . , B) to represent the u-th
user’s channel-coded bits. Then the extrinsic LLR value
of bu(i) ∈ bu can be expressed as

LM,e [bu(i)] = ln
(
p(bu(i) = 1|y)
p(bu(i) = 0|y)

)
= ln

(∑
s̄∈s̄bu(i)

1
exp (Φl,i,j)∑

s̄∈s̄bu(i)
0

exp (Φl,i,j)

)
,

(22)

where s̄bu(i)
1 and s̄bu(i)

0 are the subsets of s̄ satisfying
s̄bu(i)

1 , {s̄l,i,j ∈ s̄ : bu(i) = 1} and s̄bu(i)
0 , {s̄l,i,j ∈

s̄ : bu(i) = 0}, respectively. Additionally, the a posteriori
symbol probability Φl,i,j in (22) is expressed by

Φl,i,j , −‖y −Hs̄‖2

N0
+
∑
j 6=i

bu(j)LM,a [bu(j)] . (23)

In order to avoid numerical overflow, the Jacobian log-
arithm of [31] is applied for simplifying the SD-aided
detection of (22) as

LM,e [bu(i)] = jac
s̄∈s̄bu(i)

1
(Φl,i,j)− jac

s̄∈s̄bu(i)
0

(Φl,i,j).
(24)

B. RSS-IMP Multi-User Detector

The ML detector introduced in Section III-A achieves
the optimal detection performance due to the full search-
space detection, where all possible combinations of the APM
symbols, the active TAs and the active subcarriers of all users
are explored. However, the detection complexity of the ML
detector discussed in Section III-A may become excessive in
practice, for example in our LS-MU-MIMO scenarios. Hence,
we propose an RSS-IMP multi-user detector in this section,
which iteratively reduces the detector’s search space and splits
the detection process into several sub-operations with the
aid of CS principles. We introduce the reduced-complexity
detector in this section based on the received group-equivalent
signal yg in (7) and (11), which contains all information in the
g-th subcarrier group from all users, where we can re-express
(11) as

yg = H̄g s̄g + wg, (25)

where H̄g ∈ C(Nrm)×(NtNvU) = HgĀ is the equivalent
channel matrix of all users in the g-th subcarrier group and

s̄g ∈ C(NtNvU)×1 is the transmitted group-equivalent signal
covering all the U users’ information received from the active
TAs, the active subcarriers and the APM symbols.

Specifically, in the CS-GSFIM scheme illustrated in Fig. 2,
the transmitted group-equivalent signal s̄g has an intrinsic
sparsity level of (KNa

t U), where only KNa
t U elements in

s̄g are non-zero. Additionally, (25) reveals its over-determined
nature (e.g. having Nrm > NtNvU ) due to the large number
of RAs at the BS and hence the CS-based sparse detection
algorithm [32] can be applied to the detector according to CS
principles [33].

In (25), the group-equivalent channel matrix H̄g fulfils
the mutual incoherence property (MIP) [33] requirement for
guaranteeing a good detection performance according to CS
principles, so that H̄g can be regarded as a group-equivalent
measurement matrix in our following discussions and s̄g is a
sparse signal, which will be detected with the aid of CS.

Based on the classic greedy algorithm’s philosophy and on
the iterative algorithm of [32], the proposed RSS-IMP detector
searches through multiple promising candidates during each
iteration and the number of promising candidates increases
with the number of iterations. Then the proposed RSS-IMP
detector makes a decision concerning the best candidate at
the end of the process. More specifically, the proposed RSS-
IMP detector intrinsically amalgamates the classic greedy
algorithm and the iterative algorithm for tackling the detection
challenge of the proposed CS-GSFIM system operating in
LS-MU-MIMO scenarios. Explicitly, the proposed RSS-IMP
detector is composed of three steps, namely the application
of conventional linear detection for initially generating rough
estimates and mitigating the MU interference, followed by
the iterative detection technique of [32] and the final decision
based on minimising the residual error vector, as detailed in
the following.

• Step 1:
The linear minimum mean square error (LMMSE) de-
tector is applied to the received signal yg of (25) both
for mitigating the MU interference, and for generating
a rough estimate ŝg ∈ C(NtNvU)×1 of the transmitted
sparse signal s̄g of (25), which can be expressed as

ŝg =
(

H̄H
g H̄g +

1
γ

I(NtNvU)

)−1

H̄H
g yg, (26)

where ŝg is the estimated signal of the g-th subcarrier
group of the U users, containing the information of the
active TAs, of the active subcarriers and of the APM
symbols. Furthermore, γ = E‖H̄g s̄g‖22/E‖wg‖22 is the
average SNR per symbol. Additionally, the estimated
signal ŝg can be split into U vectors in parallel, which can
be reformulated as a matrix

[
ŝ1
g . . . ŝug . . . ŝUg

]T
of size

(U × NtNv), where ŝug ∈ CNtNv×1 (u = 1, 2, . . . , U)
is the LMMSE estimated signal of the u-th user. There
should be KNa

t active elements in ŝug . According to the
index separation strategy illustrated in (10) and (11), the
estimated signal ŝug for the u-th user can be expressed as

ŝug = Iugx
g,u
L + ŵu

g , (27)
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where Iug ∈ CNtNv×KNat = Ig,uSI Ig,uAC represents the joint
support matrix containing the activation patterns of the
active TAs Ig,uAC ∈ CNtNv×NtK and the active subcarriers
Ig,uSI ∈ CNtK×KNat for the u-th user in the g-th subcarrier
group, xg,uL ∈ CKNat ×1 represents the APM symbols
vector of the u-th user and finally ŵu

g ∈ CNtNv×1 is
the linear-processed Gaussian noise vector.
Then we calculate the magnitudes of (NtNv) elements
in ŝug and rearrange these magnitudes in a descending
order, where the ordered magnitudes of the U users can
be expressed as

‖ŝ1
g(i

1
1)‖2 > ‖ŝ1

g(i
1
2)‖2 > · · · > ‖ŝ1

g(i
1
NtNv

)‖2
...

‖ŝug (iu1 )‖2 > ‖ŝug (iu2 )‖2 > · · · > ‖ŝug (iuNtNv )‖2
...

‖ŝUg (iU1 )‖2︸ ︷︷ ︸
1stIteration

> ‖ŝUg (iU2 )‖2︸ ︷︷ ︸
2ndIteration

> . . .︸︷︷︸
...

> ‖ŝUg (iUNtNv )‖2︸ ︷︷ ︸
(NtNv)thIteration


,

(28)
where for example, ‖ŝug (iu1 )‖2 is the highest magnitude
of the u-th user and hence the iu1 -th element ŝug (iu1 ) in ŝug
has the highest probability to be one of the KNa

t active
elements. In addition, we use Nu to indicate the total
number of joint realisations4 in each subcarrier group
of the u-th user, while selecting KNa

t active elements
out of (NtNv) transmitted elements, where we have
Nu = NSIN

K
AC . Explicitly, a set of realisations Z1

u of
the u-th user is selected during the 1st iteration and we
have Z1

u < Nu, where the resultant sets of realisations[
Z1

1 Z
1
2 . . . Z

1
U

]
of the U users during the 1st iteration

will be employed in the second step.
• Step 2:

In the second step, we carry out the proposed iterative
detection based on the greedy algorithm for detecting
both the indices of the active TAs, as well as the indices
of the active subcarriers and the corresponding APM
symbols of all users.

During the first iteration of the u-th user, there are Z1
u

realisations of the joint-support matrix Iug in (27) and we
refer to these Z1

u realisations as the joint-support matrix
candidates in the first iteration of the u-th user. Then
the joint-support matrix candidates in the first iteration
derived for the u-th user are expressed as

{Iug}1 = {Iug,1, Iug,2, · · · , Iug,Z1
u
}. (29)

Specifically, based on the estimated signal of (27), we
can obtain the estimated signal ŷug ∈ CNrm×1 received
from the u-th user, which is expressed as

ŷug = Ωu
gx

g,u
L + ˆ̂wu

g , (30)

where we define Ωu
g ∈ C(Nrm)×(KNat ) = Hu

g Ā
uIug as a

group-equivalent matrix, while ˆ̂wu
g ∈ CNrm×1 represents

4Note that each realisation is a joint combination of the active TAs and
the active subcarriers per subcarrier group for the u-th user, and we have
Nu < C

KNa
t

NtNv
due to the index separation strategy imposed at the transmitter.

the Gaussian noise vector. According to the candidate
set generated during the first iteration listed in (29),
the Z1

u group-equivalent matrix candidates in the first
iteration can be represented as {Ωu

g,1,Ω
u
g,2, · · · ,Ωu

g,Z1
u
}.

Additionally, the system of (30) is referred to as an over-
determined scenario, since Nrm > KNa

t and hence the
pseudo-inverse process can be exploited for detecting the
transmitted signals. Then the pseudo-inverse process of
the i-th group-equivalent matrix candidate Ωu

g,i (i =
1, 2, . . . , Z1

u) is expressed as

(Ωu
g,i)
† =

((
Ωu
g,i

)H
Ωu
g,i

)−1 (
Ωu
g,i

)H
. (31)

Upon substituting (31) into (30), the estimated signal
x̂g,uL,i ∈ CKNat ×1 is obtained as

x̂g,uL,i = (Ωu
g,i)
†(Ωu

gx
g,u
L + ˆ̂wu

g )

= xg,uL + w̄u
g + rug,i,

(32)

where the linearly processed Gaussian noise vector w̄u
g

still remains Gaussian distributed, and rug,i is the residual
error vector due to the mismatch5 of the matrix candidate
Ωu
g,i and the correct matrix Ωu

g .
Then the symbol-by-symbol optimal ML algorithm is ap-
plied to the estimated x̂g,uL,i in (32) for detecting the APM
symbols based on the i-th tested CS matrix candidate Ωu

g,i

during the first iteration and this process is represented
as

~X g,uL,i (n) = arg min
A
‖x̂g,uL,i(n)−AL‖2, (33)

where n = 1, 2, . . . ,KNa
t , AL ∈ A represents the library

of L-ary APM symbols and ~X g,uL,i (n) is the n-th estimated
APM symbol.
Then we have the group-equivalent matrix candidate
Ωu
g,i, the corresponding estimated symbols vector ~X g,uL,i ,

and the received signal ŷug in (30). Now we can calculate
the residual error value Rug,i by testing the i-th matrix
candidate during the first iteration, yielding

Rug,i = ‖ŷug −Ωu
g,i
~X g,uL,i ‖

2. (34)

Additionally, Z1
u residual error values

{Rug,1, Rug,2, · · · , Rug,i, · · · , Rug,Z1
u
} are collected

during the first iteration and the specific candidate
resulting in the minimum residual error is the output of
the first iteration, yielding

Ωu
g,best|1 = arg min

Z1
u

{Rug,i}, (35)

where Ωu
g,best|1 is the most reliable group-equivalent

matrix candidate giving the minimum residual error
{Rug,min}1 during the first iteration.
Then the same process is repeated for the further itera-
tions according to the ordered magnitudes shown in (28).

• Step 3:
During the third step, we make the final decision concern-
ing the best candidate by comparing the minimal residual
errors {Rug,min} from the different iterations, where for

5If the testing candidate Ωu
g,i = Ωu

g , the residual error vector ru
g,i should

be all zeros.
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example, if the minimal residual error during the first
iteration {Rug,min}1 is the minimum value among the
different iterations, then the best candidate matrix of the
u-th user is determined as Ωu

g,best|1.
Additionally, in order to implement the SD-aided detection

presented in Section III-A, the extrinsic LLRs are calculated
using the so-called Approx-Log-MAP algorithm formulated
in (24). Based on the received signal model of the g-th
subcarrier group in (30) and the UL transmission of U users
presented in Section II-A, the received signal yg carries
bg = [b1,g b2,g . . . bu,g . . .bU,g] (u = 1, 2, . . . , U) channel-
coded bits, where each user carries B

G channel-coded bits and
bu,g(i) (i = 1, 2, . . . , BG ) denotes the channel coded bits of
the u-th user in the g-th subcarrier group. Specifically, the
extrinsic LLR value of bu,g(i) ∈ bg is expressed by

LM,e (bu,g(i)) = jacnα∈nα
bu,g(i)=1

{d} − jacnα∈nα
bu,g(i)=0

{d},
(36)

where nαbu,g(i)=1 and nαbu,g(i)=0 denote the index of the CS
matrix candidate during the α-th iteration for Ωu

g and xg,uL of
(30), when the i-th bit is fixed to 1 and 0, respectively. Further-
more, d in (36) denotes the a posteriori symbol probability,
which is represented as

d = −
‖ŷug −Ωu

g,nα
~X g,uL,nα‖2

N0
+
∑
j 6=i

bu,g(j)LM,a [bu,g(j)] .

(37)

C. Computational Complexity

In this subsection, the complexity orders of the ML, MMSE
and the RSS-IMP detectors are analysed based on the size
of their search space. As discussed in Section II, for every
subcarrier group of each user, we have NFI possible active
subcarrier index combinations, NK

AC possible active TA in-
dex realisations and LK·N

a
t possible classical APM symbols

combinations.
• ML Detector:

In terms of the detection model ‖yg −
HgĀ(IgSI)ig (IgAC)jg (xgL)lg‖2 of (12), the detector will
have a complexity order of OML

[
(NFINK

ACL
K·Nat )U

]
,

which may be excessive.
• MMSE Detector:

The MMSE detector is presented as a bench-marker of
the proposed RSS-IMP detector based on the operation of(
HH
g Hg + 1

γ I
)−1

HH
g yg , where the complexity order is

OMMSE

[
U · (NFINK

ACL
K·Nat )

]
.

• RSS-IMP Detector:
According to the introduction of the proposed RSS-IMP
detector of Section III-B, the computational complexity of
the RSS-IMP detector mainly depends on the number of
iterations applied. The complexity of the proposed RSS-
IMP detector associated with detecting U users in terms
of the search space can be expressed as

ORSS−IMP [L ·Na
t ·K(N1 +N2 + · · ·+Ni)] , (38)

where i (1 ≤ i ≤ Nv) represents the iteration index and
Ni indicates the number of joint realisations, including

TABLE IV
COMPARISON OF AVERAGE COMPLEXITY ORDERS

Na
t

Average complexity orders of the ML detector, the MMSE
detector and the RSS-IMP detector for detecting all users
of the CS-GSFIM system having U = 12, Nt = 4, Nr =
64, Nc = 128, Ncp = 8, Nv = 16,m = 8,K = 2, 8QAM
bits/s/Hz/user ML O(·) MMSE O(·) RSS-IMP (All

Iters) O(·)
1 1.88 (6.6× 104)12 7.86× 105 1.96× 105

2 2.59 (4.2× 106)12 5.03× 107 3.93× 105

3 3.29 (2.7× 108)12 4.03× 108 5.88× 105

4 3.53 (1.1× 109)12 2.01× 108 4.92× 105

the active TAs and the active subcarriers of U users
during the i-th iteration.

In Table IV, the average complexity orders of the ML, the
MMSE and of the RSS-IMP detector associated with detecting
all users of the CS-GSFIM scheme proposed for LS-MU-
MIMO are compared upon varying the value of Na

t , where the
SE is improved upon increasing the values of Na

t . Specifically,
if Na

t = 1, the system becomes the CS-SFIM and if Na
t > 1,

the system becomes the CS-GSFIM. More specifically, in
the scenario of Na

t = Nt = 4 shown in the table, the
system becomes a special case of the CS-GSFIM, where all
TAs are used for transmission and only FD IM is applied.
We explore the full search6 based operation of the RSS-
IMP detector, which has the worst-case complexity and we
have (N1 + N2 + · · · + Ni) = U · NFI · NK

AC in terms of
(38). Note that we do not consider the complexity of the
LMMSE operations in the MMSE detector and in the RSS-
IMP detector of Table IV, since it is negligible compared to the
excessive complexity of the ML detector. As seen from Table
IV, the MMSE and the RSS-IMP detector impose much lower
complexities. Specifically, the RSS-IMP detector is capable of
significantly reducing the complexity compared to the MMSE
detector. Additionally, the average complexity orders of the
RSS-IMP detector increase more slowly with the improved
SE instead of the exponential trend of the MMSE detector.

IV. PERFORMANCE RESULTS AND COMPARISONS

In this section, we present our theoretical as well as simu-
lation results characterising the proposed CS-GSFIM scheme
in LS-MU-MIMO-UL scenarios using both the ML detector
of Section III-A and the proposed RSS-IMP detector of Sec-
tion III-B and compare them to the conventional MU-MIMO-
OFDM systems, to the MU CS-aided frequency-domain IM
schemes of [11] and to the MU CS-aided multi-dimensional
IM schemes of [18]. Specifically, we also characterise the
maximum achievable rate of the proposed system with the aid
of EXIT charts. Furthermore, the coded BER performance of
the proposed system is presented, demonstrating that a near-
capacity performance is achieved. The simulation parameters
are summarised in Table V.
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TABLE V
SYSTEM PARAMETERS IN SIMULATIONS.

Nc Ncp L-PSK/QAM Nv Nf K U Nr Nt Na
t

Scheme 1 128 8 4QAM − − − 2 12 1 1
Scheme 2 128 8 BPSK 16 8 2 2 12 4 3
Scheme 3 128 8 BPSK 16 8 2 12 64 4 3
Scheme 4 128 8 BPSK 16 8 2 12 128 4 3
Scheme 5 128 8 4QAM − − − 4 32 1 1
Scheme 6 128 8 8QAM 16 8 2 4 32 4 1
Scheme 7 128 8 BPSK 16 8 2 4 32 4 3
Scheme 8 128 8 BPSK 16 8 2 12 varying 4 3
Scheme 9 128 8 32QAM 16 8 2 2 12 1 1
Scheme 10 128 8 4QAM 16 8 2 2 12 4 2
Scheme 11 128 8 16QAM 20 8 2 3 36 8 1
Scheme 12 128 8 32QAM 24 8 2 3 36 8 1
Scheme 13 128 8 128QAM 20 8 2 3 36 1 1
Scheme 14 128 8 8QAM 16 8 2 2 12 4 1
Scheme 15 128 8 8QAM 16 8 2 2 12 4 2
Scheme 16 128 8 32QAM 16 8 4 2 12 4 1
Scheme 17 128 8 8QAM 16 8 2 12 64 4 1
Scheme 18 128 8 8QAM 16 8 2 12 64 4 2
Scheme 19 128 8 32QAM 16 8 4 12 64 4 1
Scheme 20 128 8 4QAM − − − 12 varying 1 1
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Fig. 3. Comparison between the uncoded BER performances of Scheme 1,
Scheme 2, Scheme 9 of [11] and Scheme 10 of [18] shown in Table V using
ML detectors, at the same rate of Rt = 1.88 bits/s/Hz/user.

A. Uncoded Performances

In Fig. 3, we compare the uncoded BER performances of
Scheme 1, Scheme 2, Scheme 97 of [11] and Scheme 108 of
[18], where the number of active TAs Na

t is generalised, while
supporting the same number of U = 2 users, employing the
same number of Nr = 12 RAs and operating at the same rate
of Rt = 1.88 bits/s/Hz/user. Observe in Fig. 3 that the MU
CS-GSFIM-MIMO scheme using the ML detector outperforms

6“Full search” means that all possible joint realisations of active TAs and
active subcarriers are explored, which is the worst-case complexity of the
RSS-IMP detector and it is only used as a complexity bench-marker here.
Indeed, it is unnecessary to explore full search in practice for achieving an
attractive trade-off between the performance and the complexity order.

7Scheme 9 is applied here to represent the CS-aided frequency-domain IM
system and is a special instantiation of the scheme designed in [11].

8Scheme 10 is a special instantiation of the CS-aided multi-dimensional
IM scheme of [18], where the same activated distinctive TA combination is
applied to each subcarrier group.
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Fig. 4. Comparisons between uncoded BER performances of Scheme 2
shown in Table V using both the MMSE detector and the proposed RSS-IMP
MUD with I = 1 to 3 iterations applied, at the same rate of Rt = 1.88
bits/s/Hz/user.

the conventional MU-MIMO-OFDM scheme by about 5.5 dB
at the BER value of 10−5 and at the same transmission rate.
Specifically, the upper bound performance of the proposed
system obtained by (20) is presented in Fig. 3, where it is
observed that the upper bound is tight at moderate-to-high
SNR values. Furthermore, Scheme 2 of Table V attains about
2 dB and 3.5 dB SNR-gains over Scheme 10 of [18] and
Scheme 9 of [11], respectively, again at the BER value of
10−5 and at the same transmission rate.

Additionally, in Fig 4, we portray the uncoded BER per-
formances of the proposed scheme in conjunction with the
parameters of Scheme 2 using the reduced-complexity RSS-
IMP MUD by using I = 1 to 3 iterations. More specifically,
it is also shown in Fig 4 that the RSS-IMP MUD has
the potential of approaching the optimal performance of the
proposed generalised system using the ML detector. Observe
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furthermore that the RSS-IMP MUD using only I = 3
iterations is capable of providing a better performance than
the MMSE detector, even though the average complexity
order ORSS−IMP (8.2 × 103) of the RSS-IMP detector us-
ing I = 3 iterations is much lower than the complexity
OMMSE(1.3× 105) of the MMSE detector.

In Fig. 5, we compare the uncoded BER performances
of Scheme 11, Scheme 12 of [18] and Scheme 13 of [11]
associated with the parameters listed in Table V at the same
transmission rate of Rt = 2.5 bits/s/Hz/user. It is shown in
Fig. 5 that the proposed CS-GSFIM scheme (Scheme 11)
using the ML detector achieves about 3.2 dB SNR-gain over
Scheme 12 of [18] and outperforms Scheme 13 of [11] about
9 dB at the BER value of 10−5 and at the same rate of 2.5
bits/s/Hz/user. Specifically, the RSS-IMP detector of Scheme
11 associated with I = 4 iterations attains better performances
than both Scheme 12 of [18] and Scheme 13 of [11] as well, at
detection complexity order of ORSS−IMP (6.9× 105), which
is much lower than the OML(9.2 × 1018) complexity of the
ML detector.

Then in Fig. 6, we compare the uncoded BER performance
of the RSS-IMP detector to that of the MMSE detector in
conjunction with the parameters of (Nc = 128, Ncp = 8,
Nt = 4, Na

t = 3, Nv = 16, m = 8, K = 2, BPSK),
where the MMSE detector is used as the benchmarker here
and we have U = 12 UL users communicating with the
aid of Nr = 64 RAs and Nr = 128 RAs, at the same
SE of Rt = 1.88 bits/s/Hz/user. Note that the optimal ML
detector of Section III-A has an excessive complexity for
this LS-MU scenario. Hence, we are unable to show the
performance of the ML detector in Fig. 6. It can be observed
in Fig. 6 that the performance of the RSS-IMP detector is
improved upon increasing the number of RAs due to the
increased receive diversity order and only a few iterations are
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Fig. 6. Comparison between the uncoded BER performances of Scheme 3
and Scheme 4 for LS-MU-MIMO-UL scenario using both the MMSE detector
and the proposed RSS-IMP detector having I = 1 to 3 iterations.
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required for achieving a better performance than that of the
MMSE detector. Explicitly, as shown in Table IV, we compare
the complexity orders between the RSS-IMP detector using
exhaustive full-search based iterations and the MMSE detector,
where the RSS-IMP detector using exhaustive iterations has
the best performance at the cost of the highest complexity
order. Hence the RSS-IMP detector using I = 3 or 4 iterations
presented in Fig. 6 has much lower complexity orders than
that of the MMSE detector. It can be concluded that the
RSS-IMP detector attains a near-optimal performance at a
significantly lower complexity, which makes the proposed CS-
GSFIM system attractive in LS-MU-MIMO scenarios.

In Fig. 7, we compare the SNRs required at the specific
BER target of 10−4 for Scheme 8 of Table V using both
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the MMSE detector and the RSS-IMP detector employing
I = 3 iterations, as well as for Scheme 20 using the ML
detector, while supporting the same number of U = 12 users,
and the same rate of Rt = 1.88 bits/s/Hz/user as well as
a varying number of RAs at the BS. Note that the optimal
ML detector of Section III-A has an excessive complexity for
this LS-MU scenario. Hence, we are unable to evaluate its
performance in Fig. 7. Observe from Fig. 7 that the SNRs
required by all these schemes are reduced upon increasing
the number of RAs as a benefit of the improved receive
diversity gain. Specifically, if the condition of U · Nt ≥ Nr
is satisfied, then the proposed system using the RSS-IMP
detector becomes capable of outperforming both the classical
MU-MIMO-OFDM system associated with the optimal ML
detector and the proposed system using the MMSE detector.

In Fig. 8, the performances of the proposed systems in
the presence of channel estimation errors are characterised,
where the channel estimation errors at the receiver are assumed
to obey the distribution of CN (0, σ2

h) [34]. Three schemes
(Scheme 5, Scheme 6, Scheme 7) are investigated in Fig. 8,
while supporting the same number of U = 4 users, employing
the same number of Nr = 32 RAs, at the same transmission
rate of Rt = 1.88 bits/s/Hz/user and at varying values of
channel estimation error variance δ2

h. In Fig. 8, the SNR-
distances between the SNR values of these three schemes
having perfect CSI and the SNR values of these schemes
relying on realistic imperfect CSI are compared at the specific
target BER value of 10−4. Observe from Fig. 8 that the
proposed CS-GSFIM schemes (Scheme 6 and Scheme 7) are
more robust to channel estimation errors than the classical
MU-MIMO-OFDM scheme (Scheme 5).

B. Maximum Achievable Rates

In Fig. 9 and Fig. 10, we analyse the achievable rates per
user for different Eb/N0 values of the CS-GSFIM in LS-
MU-MIMO-UL scenarios in conjunction with different system
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Fig. 9. Maximum achievable rates of Scheme 14, Scheme 15 and Scheme
16 in MU scenarios applying the ML detector.
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Fig. 10. Maximum achievable rates of Scheme 17, Scheme 18 and Scheme
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parameters by invoking the semi-analytical EXIT chart tool,
where the maximum achievable rate of a system is equal to the
area under the EXIT curve of the inner soft decoder [23], [35].
Explicitly, in Fig. 9 we portray the maximum achievable rate
of Scheme 14, Scheme 15 and Scheme 16 of Table V applying
the ML detector, while having U = 2 users and Nr = 12 RAs,
as well as in Fig. 10 we portray the maximum achievable rate
of Scheme 17, Scheme 18 and Scheme 19 of Table V applying
the RSS-IMP detector associated with I = 4 iterations for
efficiently reducing the complexity, while supporting U = 12
users and Nr = 64 RAs. Specifically, the proposed system’s
maximum achievable rate can be improved by increasing the
number of active TAs Na

t as well as by increasing the number
of active subcarriers K or by increasing the size of APM
symbol alphabet. It is also shown in Fig. 9 and Fig. 10 that
the proposed generalised CS-GSFIM scheme is capable of
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achieving a higher rate than the CS-SFIM scheme advocated.
In particular, when using a half-rate RSC channel encoder, the
maximum achievable rate becomes 0.94 bits/s/Hz/user for both
the proposed coded Scheme 14 applying the ML detector and
for the proposed Scheme 17 applying the RSS-IMP detector
(I = 4 iterations) at Eb/N0 = −2.9 dB and Eb/N0 = 1.5 dB,
respectively, as indicated in Fig. 9 and Fig. 10.

C. Coded Performances

In Fig. 11 and Fig. 12, we characterise the BER perfor-
mances of both the half-rate RSC-coded MU CS-GSFIM-
MIMO scheme (Scheme 14 of Table V) applying the ML
detector and the half-rate RSC-coded LS-MU CS-GSFIM-
MIMO scheme (Scheme 17 of Table V) applying the reduced-
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Fig. 13. Relationship of the diverse system components affecting the different
design trade-offs.

complexity RSS-IMP detector (I = 4 iterations). An inter-
leaver depth of 300, 000 bits is applied for each user, where
IIO = 1 to 6 inner-outer (IO) iterations and IIO = 1 to 4 IO
iterations are applied in Scheme 14 using the ML detector
and Scheme 17 using the RSS-IMP detector, respectively.
Observe in Fig. 11 and Fig. 12 that the coded BER perfor-
mances approach the maximum achievable rate limits at both
Eb/N0 = −2.9 dB and Eb/N0 = 1.5 dB with the aid of the
IO iterative detection structure shown in Fig. 1. Explicitly, the
performances of the coded systems approach the maximum
achievable rate limit in Fig. 11 and Fig. 12 upon increasing
the number of IO iterations, where the performances of the
coded system (IIO = 6 IO iterations) using the ML detector
in Fig. 11 and of the coded system (IIO = 4 IO iterations)
using the reduced-complexity detector in Fig. 12 are about 2.8
dB and 4 dB away from the maximum achievable rate limits at
the BER value of 10−5, respectively. Specifically, in order to
reduce the gap between the actually attained performance and
the maximum achievable rate limit, the irregular convolutional
codes (IrCCs) [36] aiming to match the specific shape of the
EXIT curves of the inner and outer codes for reducing the
‘open tunnel area’ between them as discussed in [18] can
be designed for encountering an open tunnel at the lowest
possible Eb/N0, where the distances of 2.8 dB and 4 dB shown
in Fig. 11 and Fig. 12 will be significantly reduced.

V. CONCLUSIONS

A novel CS-GSFIM system with the index separation
strategy for LS-MU-MIMO-UL communication has been pro-
posed. Unlike the joint space-frequency indexing strategy in
previous literature, the TAs and the subcarriers have been
indexed separately for further improving the design flexibility.
Additionally, in order to attain higher diversity gains, different
TA activation patterns for different transmitted symbols have
been employed instead of fixing the active TAs for the whole
OFDM frame or for each subcarrier group. Due to the ex-
cessive complexity of the ML detector, a reduced-complexity
RSS-IMP MUD based on both the classic greedy principle and
iterative detection philosophy has been proposed, where the
RSS-IMP MUD has struck an attractive BER performance vs
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TABLE VI
SUMMARY OF SYSTEM TRADE-OFFS.

Scheme a Scheme b Rate
(bits/s/Hz/user)

SNR (dB) gain at
BER of 10−5 (a-b)

Complexity Ratio (a/b)

MU CS-GSFIM (ML) MU Scheme of [18] (ML) 1.88 2 100

MU CS-GSFIM (ML) MU Scheme of [11] (ML) 1.88 3.5 100

MU CS-GSFIM (ML) MU CS-GSFIM (RC3) 1.88 2.05 5.2× 105

MU CS-GSFIM (RC3) MU CS-GSFIM (MMSE) 1.88 2.25 6.3× 10−2

MU CS-GSFIM (RC3) MU Scheme of [18] (ML) 1.88 0.05 1.9× 10−6

MU CS-GSFIM (RC3) MU Scheme of [11] (ML) 1.88 1.45 1.9× 10−6

MU CS-GSFIM (ML) MU Scheme of [18] (ML) 2.5 3.2 100

MU CS-GSFIM (ML) MU Scheme of [11] (ML) 2.5 9 100

MU CS-GSFIM (RC4) MU CS-GSFIM (ML) 2.5 -2.8 8× 10−14

MU CS-GSFIM (RC4) MU Scheme of [18] (ML) 2.5 0.4 7.5× 10−14

MU CS-GSFIM (RC4) MU Scheme of [11] (ML) 2.5 6.2 7.5× 10−14

LS-MU CS-GSFIM (RC3) LS-MU CS-GSFIM (MMSE) 1.88 2.1 1.1× 10−1

complexity trade-off. The low-complexity design of the RSS-
IMP MUD has made the CS-GSFIM system an attractive one
for LS-MU scenarios. Our simulation results characterising
Scheme 1-Scheme 20 of Table V have demonstrated that the
performance of the RSS-IMP MUD using appropriate number
of iterations in LS-MU scenarios outperforms both the classi-
cal MU-OFDM-MIMO system using the ML detector and the
CS-GSFIM system using the MMSE detector at the same SE.
Furthermore, the FEC-coded MUDs have been demonstrated
to be capable of providing a near-capacity performance upon
increasing the number of IO iterations. More specifically, we
conclude that the proposed system strikes a flexible trade-
off among the SE, BER and the complexity, which is an
explicit benefit of the careful choice and configuration of
the system components portrayed in Fig. 13. In order to
elaborate further, we summarised the associated trade-offs in
Table VI based on our simulation results of Fig. 3 - Fig. 6 at a
glance. Observe that our MU scheme using the proposed RSS-
IMP MUD associated with the most appropriate number of
iterations is capable of approaching the optimal performance
as well as of outperforming both the proposed MU scheme
using the MMSE detector and the schemes of [11], [18]
employed in MU scenarios, despite having a significantly
lower complexity. Explicitly, it is promising to apply the
proposed two-dimensional IM scheme in MU DL scenarios,
where the joint design of the CS matrix and of the MU
transmit precoder will be necessary for eliminating the MU
interference and for guaranteeing an accurate recovery of the
transmitted signals. Specifically, given the system components
of Fig. 13, an adaptive MU scheme may be constructed by
near-instantaneously re-configuring the different components
of the scheme for maximising the system’s achievable rate,
while maintaining the target BER.
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