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Abstract—Space-time shift keying (STSK) constitutes a benefi-
cial multiple-input-multiple-output (MIMO) technique that strikes
a compelling trade-off between the multiplexing and diversity
gains attained. Its close relative, namely layered multi-group
STSK (LMG-STSK) combines the concepts of multi-user MIMO,
STSK and beamforming for simultaneously conveying information
to multiple users. Generalized frequency division multiplexing
(GFDM) has been proposed as a promising multicarrier modula-
tion candidate for dispersive wideband channels since it benefits
from its time-frequency domain structure when combined with a
powerful MIMO scheme. As a further evolution, we propose a
novel GFDM-aided adaptive layered multi-group STSK (LMG-
STSK) system for the downlink of millimeter wave communi-
cations systems. The proposed system tackles the propagation
challenges of the high pathloss at millimeter wave frequencies,
where multiple users are clustered into groups served by different
antenna layers at the transmitter. We propose an adaptive scheme
that can adapt both the number of transmit antennas (TAs) per
layer based on the number of users in each user group in order to
maximize the number of users served and also the STSK codeword
in order to maximise the achievable user throughput.

I. INTRODUCTION

Millimeter-wave (mmWave) communications have been de-

veloped for tackling the global bandwidth shortage by harvest-

ing the wide license-free bandwidth [1] [2]. However, mmWave

systems suffer from both high attenuation and sparse multipath

scattering, when communicating over a frequency-selective

channel [3] [4]. Therefore, it is crucial for mmWave systems

to be combined with MIMO and multi-carrier techniques for

overcoming the unfavorable propagation charateristics, as well

as for improving the reliability and increasing the data rates

attained. Finally, the high pathloss of mmWave frequencies

makes beamforming (BF) a key enabling technology [5] [6].

Given the short wavelength, say 0.5 cm at 60 GHz, a large

number of antennas can be accommodated at the transmitter

and receiver in a compact space and different MIMO gains

such as diversity and/or multiplexing gains as well as beam-

forming gains, can be achieved by MIMO techniques due

to the increased degrees of freedom in the system [4] [5].

Combining different MIMO gains in the context of multi-

functional MIMOs, has been presented in [7] [8]. As a further

development, spatial modulation (SM) was proposed in [9],

which is capable of striking a compelling performance versus

complexity trade-off with the aid of a single radio frequency

(RF) chain. Historically speaking, the idea of SM was also

combined with linear dispersion coding (LDC) [9] and STSK

[10] [11] for striking a flexible diversity-multiplexing trade-

off, which is capable of overcoming the high pathloss with the

aid of beamforming.

The concept of LMG-STSK has been proposed in [12] for

mmWave communications, which clusters the users supported

into groups and also partitions the TAs into several layers,

where each layer serves one of the user groups. Each TA layer

serves a specific group of users, where the users in each group

all fall within the same angularly selective transmitted beam,

but they are still sufficiently seperated by several wavelengths

within the beam for experiencing independent fading channels.

As a benefit, the application of LMG-STSK tackles the chal-

lenge of multi-user MIMO techniques at mmWave frequencies,

where the base station (BS) cannot readily communicate with

angularly seperated users at the same time due to having a

narrow transmit beam.

Adaptive modulation and coding techniques have been con-

ceived for significantly increasing the achievable data rate,

reliability and spectrum efficiency of wireless communications

by promptly adapting the system parameters in order to achieve

a specific quality of service (QoS) [8] [13]. When employ-

ing adaptation, the most appropriate coding and modulation

scheme is activated under rapidly-fluctuating channel condi-

tions, which results in a higher effective throughput than its

non-adaptive counterpart, while maintaining the required QoS,

such as say the target bit-error-ratio (BER).

In this paper, we conceive a novel adaptive LMG-STSK sys-

tem operating at mmWave frequencies combined with GFDM

[14] [15], which has been proposed as a flexible multi-carrier

transmission technique that provides additional degrees of

freedom compared to classic orthogonal frequency division

multiplexing (OFDM). The novel contributions of this paper

are as follows:

• We propose a novel GFDM-aided adaptive LMG-STSK

system for the mmWave downlink in order to increase

both the number of users supported and the individual

user throughput, while maintaining a defined QoS.

• Two levels of adaptation are employed. Firstly, the pro-

posed system adaptively configures the TAs for each

antenna layer depending on the number of users per

group, which is time-variant in a mobile environment.

The criterion used for adapting the number of antennas

per layer is to keep the diversity order of all users in

all groups similar. Secondly, in order to increase the user

throughput in each group, with the diversity order fixed by

the number of antennas per group, the STSK codewords

of each group can also be adapted by switching among

several STSK encoders according to the channel signal-to-

noise ratio (SNR) conditions, while maintaining the target

BER.

The paper is organised as follows. In Section II, we intro-

duce the architecture of the proposed GFDM-aided adaptive

LMG-STSK system. Then our simulation results will be pro-

vided in Section III and finally we conclude in Section IV.



II. PROPOSED GFDM-AIDED ADAPTIVE LMG-STSK

SYSTEM

In this section we introduce the novel multi-user GFDM-

aided adaptive LMG-STSK system’s architecture proposed for

downlink transmission in mmWave communications, where the

low-complexity GFDM modem design of [16] will be utilised

in the proposed adaptive system.

Due to the significant propagation losses of the mmWave

channel, high-gain directional beamforming should be used

for compensating the high attenuation [5] [11]. However, not

all users of a multi-user system will fall in the coverage

angle of a transmitted beam. Therefore, partitioning the users

into different user groups is an efficient way for the BS to

communicate with more users at a time. The LMG-STSK

technique proposed in [12] partitions the TAs into antenna

layers and each layer serves a specific group of users, which

allows more users to be served simultaneously in the downlink

over the same time and frequency resources.

The system proposed in [12] divided the total number of

TAs equally among each antenna layer for serving a specific

user group without considering the fluctuating number of users

per group due to mobility. Explicitly, in practice the number

of users in a group varies, since the users tend to be mobile,

where a user may traverse from one user group to another

or a user may move to an out-of-range location. If the same

number of antennas is assigned to all antenna layers, the groups

supporting less users benefit from higher diversity order due to

the additionally assigned TAs, while the groups having more

users than the maximum possible number of users per group

may not be able to serve all users at the same time. Therefore,

we propose an adaptive LMG-STSK system that can adaptively

assign TAs according to the number of users in the user group

instead of simply considering the same number of TAs for all

user groups. As defined in [10], the STSK system is specified

by the parameters (M, N, T, Q, L), where the throughput per

STSK codeword can be expressed as

Rc = log2(QL), (1)

while M and N indicate the number of TAs and receive

antennas (RAs), respectively, T is the number of time slots,

Q is the number of dispersion matrices and L represents L-

ary modulation. Hence, the achievable user throughput can be

changed by applying different number of dispersion matrices

Q or different constellations sizes L in conjunction with the

fixed values of M, N and T .

Therefore, we consider two levels of adaptation in our pro-

posed GFDM-aided LMG-STSK downlink system as follows:

• Firstly, the number of TAs assigned to different antenna

layers is adapted according to the time-variant number of

users in a user group, while arranging for the users in all

groups to have similar diversity orders. The diversity order

of the nu-th user in the ng-th group can be calculated as

[12]:

D = (N t
g −

Nu
gX

i�=nu

Nr,i
g ) × min(M, T ), (2)

where i is the index of users in the ng-th group. For exam-

ple, let us assume that the BS is equipped with 32 number

of TAs to serve user groups. These antenna layers serve

4 specific user groups of size (2, 6, 3, 5), respectively.

Based on the diversity order of (2), the BS adaptively

assigns (4, 12, 6, 10) TAs to serve the corresponding

user groups, while maintaining a similar diversity orders

for all users in all groups, where the diversity orders in

this example are D = (4−2×1)×min(2, 2) = 4. Then,

assuming that the number of users in these groups changes

to (2, 5, 4, 4), the BS assigns (5, 11, 8, 8) TAs to serve

the specific user groups, where the diversity orders of the

individual users in these 4 user groups are (6, 6, 4, 4),

respectively.

• Secondly, given the number of antennas per antenna

layer as set in the first step above, the adaptive system

increases the individual user throughput by switching

between different STSK codewords, which are uniquely

specified by the different combinations of Q and L,

while always satisfying the target BER performance. The

receiver of the adaptive system estimates the SNR of

the received signal. Then, the SNR is fed back to the

transmitter and then the transmitter makes a decision on

the STSK codeword activated by searching through the

look-up tables according to the SNR.

The procedures used at the transmitter will be detailed in

Section II-A and the signal processing used at the receiver

will be discussed in Section II-B.

A. Transmitter

We consider the downlink of our GFDM-aided adaptive

LMG-STSK system shown in Fig. 1, where a transmitter

is equipped with N t TAs and communicates with NG user

groups, where the number of users in each group is time-

variant. Before transmission, the transmitter partitions Nu

users into NG user groups and then Nu STSK encoders and

GFDM modulators are assigned to the corresponding user

groups as shown in Fig. 1. Furthermore, N t TAs are also

grouped into NG antenna layers for communicating with the

users in the corresponding user groups. Furthermore, N t
g TAs

are assigned to the ng-th antenna layer for serving Nu
g number

of users in the ng-th user group, where the number of users

in each user group is variable. The number of corresponding

RAs of the nu-th user in the ng-th group is Nr,nu
g and

each user group is isolated from the other group by apply-

ing highly directional beamforming for each antenna layer.

The application of beamforming eliminates the interferences

amongst the user groups. In Fig. 1, each STSK encoder is

characterized by STSK (M, N, T, Q, L), where M, N and T
are fixed values in the adaptive system, while the values of Q
and L are carefully controlled for adapting the different STSK

codewords depending on the SNR fed back from the receiver

to the transmitter. As seen in Fig. 1, after the adaptation

of TAs in each antenna layer for serving the corresponding

user groups and after the decisions concerning the choice of

STSK codewords, the downlink source information designed

for each user is entered into the STSK encoder, followed by

the GFDM modulator. Then in order to avoid the multi-user

interference (MUI) within a specific user group, where all users

in a user group employ the same frequency, multi-user transmit

precoding (MU-TPC) is applied to the users in the same user

group after GFDM-STSK processing. The MU-TPC of our

system is based on the classic block diagonalization (BD)
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Fig. 1. The transmitter architecture of GFDM-aided adaptive LMG-
STSK system. The TAs are adaptively assigned to NG user groups
according to the specific number of users in the different groups.

technique1 [11], which is a linear TPC technique designed

for eliminating the MUI in a user group. The matrix Xnu,ng

represents the data symbol matrix of the nu-th user in the

ng-th group after GFDM-STSK processing, where we have

Xnu,ng ∈ C
M×Ngfdm , and Ngfdm = (Ns × T ) that shows

the number of GFDM-STSK data symbols over T time slots in

the m-th TA. For convenience, the GFDM modulated symbol

vector Xm,nu,ng [i] of the nu-th user in the ng-th group at the

m-th TA can be expressed in the frequency domain as

Dm,nu,ng [ i ] =

s
1

Ngfdm

Ngfdm−1X
n=0

Xm,nu,ng [ i ]e
−j2πni
Ngfdm ,

(3)

where i = 0, . . . , Ngfdm − 1.

The MU-TPC matrix of the nu-th user in the ng-th group

is represented as P
t,nu,ng

MU [ i ] ∈ C
Nt

g×M . The data symbol

matrix after MU-TPC is Wnu,ng ∈ C
Nt

g×Ngfdm , which can

be expanded as

Wnu,ng [ i ] = P
t,nu,ng

MU [ i ]Dnu,ng [ i ]. (4)

After MU-TPC for the users in the same group, the data

symbols conveyed over T time slots with the same frequency-

domain index i for all users in the ng-th group can be written

as

Wng [ i ] =

Nu
gX

nu=1

Wnu,ng [ i ]. (5)

Hence, the corresponding data symbols at the i-th subcarrier

index after MU-TPC for all users in all groups can be repre-

sented by

W[ i ] =

»
W1[ i ],W2[ i ], . . . ,Wng [ i ], . . . ,WNG [ i ]

–T

.

(6)

Then the data symbols W[ i ] are mapped to NG antenna

layers for simultaneous transmission from N t TAs over T
time slots. Before transmission, each symbol matrix Wng

is transformed to the time-domain representation of the data

symbols. Therefore, the data symbols in the ng-th group at the

nt
g-th TA are represented as

W ng,nt
g
[ i ] =

p
Ngfdm

Ngfdm−1X
n=0

Wm,ng,nt
g
[ i ]e

j2πni
Ngfdm ,

(7)

1Any other MU-TPC techniques can be employed in the proposed
system, but we use the BD for simplicity.
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Fig. 2. The receiver block diagram of GFDM-aided adaptive LMG-
STSK system for the nu-th user in the ng-th group received from
Nr

AE number of RA arrays.

where i = 0, . . . , Ngfdm − 1.

The cyclic prefix (CP) of length Lcp is concatenated to

the symbols vector Wng,nt
g

for protecting the data from

dispersion. After CP insertion, the data symbol matrix of each

antenna layer becomes cWng ∈ C
Nt

g×(Ngfdm+Lcp).

Then analogue beamforming (ABF) invoked for seperating

the different user groups and each antenna layer can be

designed to its intended user group. The ABF matrix of the

ng-th user group is represented by BTx
ng

[ i ] ∈ C
N

t,ng
AE

×Nt
g ,

where N
t,ng

AE is the number of TA elements in ng-th layer,

i = (0, . . . , (Ngfdm + Lcp) − 1). As a result, the final

transmitted symbols after ABF destined for the ng-th user

group can be represented as

Sng [ i ] = BTx
ng

[ i ]cWng [ i ], (8)

where i = 0, . . . , (Ngfdm + Lcp) − 1, and Sng ∈
C

N
t,ng
AE

×(Ngfdm+Lcp). The matrix Sng will be used in the rest

of this paper to represent the time-domain transmitted signal of

the ng-th user group in our adaptive system and its frequency-

domain counterpart is denoted as Sng .

B. Receiver

After transmission in the mmWave channel, the signal of

the nu-th user in the ng-th user group is received by Nr
AE

number of RA arrays at the receiver, as shown in Fig. 2.

After CP removal, the received signal of the nu-th user in the

ng-th user group in the frequency domain can be represented

as:

Rng,nu = Hng,nuSng,nu + N

= Hng,nuBTx
nu,ng

cWng,nu + N,
(9)

where N is additive white Gaussian noise (AWGN) matrix of

size (Nr
AE × Ngfdm) and Hng,nu is the mmWave channel

matrix of the nu-th user in the ng-th user group. The channel

model applied in this paper follows that of [3] and [17].

In the receiver block of Fig. 2, ABF is applied by using the

beamforming weights BRx
nu,ng

for eliminating the interferences

between different user groups and the received signal of the

nu-th user in the ng-th group after ABF is represented by:eRng,nu = BRx
nu,ng

Hng,nuBTx
nu,ng

cWng + eN. (10)

The received signal eRng,nu of the nu-th user in the ng-th

group shown in (10) has no interference contributions from

the other users in the ng-th group, which in a benefit of the

MU-TPC employed at the transmitter. Furthermore, there is no

interference between the different user groups due to the use

of ABF.



TABLE I
SYSTEM PARAMETERS

Parameters Values
Multi-carrier Scheme GFDM (Low Complexity)
Number of Subcarriers Nc and Lcp 2048 and 90
STSK Encoder(M, N, T, Q, L) (2, 2, 2, 2, 4)

(2, 2, 2, 16, 2)
(2, 2, 2, 4, 16)

GFDM-STSK Frames 1000
Total TAs, Nt 32
Total User Groups, NG 4
Bandwidth and Carrier Frequency 500 MHz and 28 GHz

Afterwards, according to (10), we represent the channel of

the nu-th user in the ng-th group as an effective channel as

follows: eHng,nu = BRx
nu,ng

Hng,nuBTx
nu,ng

. (11)

Then frequency domain equalization (FDE) is used for com-

pensating the impairments caused by the high pathloss encoun-

tered at mmWave frequencies. In this paper, the zero forcing

(ZF) FDE [11] [16] is utilized at each subcarrier frequency. The

equalized signal Rng,nu based on the effective channel matrix

is obtained, which is then fed into the GFDM demodulators

over T time slots. At the GFDM demodulators of Fig. 2, the

low-complexity design introduced in [16] is employed. After

GFDM demodulation, the demodulated symbols obeying our

carefully designed time-frequency structure are obtained. Then,

the space-time symbol at the nc-th subcarrier is decoded and

detected by the STSK decoder for recovering the information

bits of the nu-th user in the ng-th group.

III. SIMULATION RESULTS

In this section we provide our performance results for char-

acterizing the proposed GFDM-aided adaptive LMG-STSK

system in mmWave channels. The performance is evaluated by

using Monte Carlo simulations. We assume perfect synchro-

nization and perfect channel knowledge both at the transmitter

and receiver. The simulation parameters of the proposed adap-

tive system are listed in Table I. Furthermore, the system is

simulated under the assumption that no ABF is applied for

the sake of simplifying our analysis, although the employment

of ABF is compulsory. The BER performance will be further

enhanced with the aid of ABF. The adaptive system was

designed to meet the target BER of 10−3.

In our simulations, we consider a BS equipped with Nt =
32 TAs for operating at 28 GHz carrier frequency assigned

to 4 TA layers2 (G1, G2, G3, G4), where each antenna layer

serves a specific user group. The number of users in each

group is time-variant due to the movement of users, which

is limited to Nmax
G = Nt

M
= 16 for all groups due to the

use of the linear BD MU-TPC technique. Hence, the sum of

users in the four user groups should be no more than 16 in the

simulations. Upon considering a single user in a user group,

both the assignment of TAs and the number of users in it

directly influence the diversity order calculated in (2). Based

on (2), when we assume that 32 TAs are assigned to an antenna

layer for serving the user group of just 1 user, the diversity

order for this single user is D = (32 − 0) × min(2, 2) = 64,

2The proposed adaptive system is suitable for any number of TA
layers and any number of user groups.
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Fig. 3. BER performance of different STSK codewords for a fixed
diversity order of D = 6. All other parameters are listed in Table I.
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Fig. 4. BER performance of different diversity orders for the STSK
(2, 2, 2, 16, 2) encoder. All other parameters are listed in Table I.

which is the highest achievable diversity order of a user in

a group. On the other hand, if we assume that 32 TAs are

assigned to an antenna layer to serve the user group of the

maximum of 16 users, then the diversity order of a user is

D = (32 − 2 × 15) × min(2, 2) = 4, which is the lowest

diversity order of a user in a group. Hence, the diversity order

of a user in a group based on our simulation parameters varies

from 4 to 64. The BER performances of a single user relying

on different STSK (2, 2, 2, Q, L) encoders is illustrated in Fig.

3 when considering a diversity order of D = 6. In the system

characterized in Fig. 3 we consider 4 users in group G1 and

9 TAs are assigned to this group, where a diversity order of

D = 6 is obtained for a user in this group. The three STSK

encoders of, (2, 2, 2, 2, 4), (2, 2, 2, 16, 2) and (2, 2, 2, 4, 16)
associated with 3 bits/symbol, 5 bits/symbol, and 6 bits/symbol

user throughputs, respectively, are considered. As shown in

Fig. 3, upon fixing the same diversity order of D = 6, in

order to maintain the target BER of 10−3, the system having

higher user throughputs requires higher SNR values to reach

the BER target.

In Fig. 4, the STSK (2, 2, 2, 2, 4) encoder is employed and

five different diversity orders are investigated, where the BER
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performance is enhanced upon increasing the diversity order.

Hence, in order to maintain the target BER, our LMG-STSK

systems having different diversity orders require different SNR

values. Therefore, in order to avoid simulating the LMG-STSK

systems with all possible diversity order values, we devised

a closed-form function to relate the SNRs of the different

configurations attaining different diversity orders, in order to

maintain the target BER. According to the SNRs at the target

BER, we can get a simple numerical expression between the

SNRs and diversity orders applying the STSK (2, 2, 2, 16, 2)
scheme. Each STSK codeword in our simulations has a cor-

responding closed-form function. As a result, we can find the

SNR values at the BER target for each diversity order for the

same STSK codeword. In the proposed adaptive system, the

receiver estimates the SNR of the received signal and then the

SNR is fed back to the transmitter. The transmitter decides the

choice of the most appropriate STSK codeword by searching

through the look-up table for each diversity order using the

formulas inferred.

Fig. 5 shows the BER performance of the proposed adaptive

system, as well as the user throughput improvement attained. A

uniformly-distributed random number of users is generated and

the users are assigned into four groups. The 32 TAs are then

assigned to these four groups. Again, the per-group antenna

assignment criterion is to ensure that each user’s diversity order

is similar in all groups, where the calculation of diversity order

follows (2). Having determined the diversity order, the STSK

scheme is then adapted depending on the channel quality,

which is quantified in terms of the instantaneous channel SNR.

Given the channel SNR knowledge, the transmitter can choose

the most suitable STSK codeword for maintaining the target

performance. Therefore, the adaptive system characterized in

Fig. 5 maintains the target BER, while gradually increasing

the achievable user throughput within the group.

IV. CONCLUSIONS

In this paper, a GFDM-aided adaptive multi-user MIMO

system was proposed for downlink transmissions. The system

increases the MU-MIMO efficiency at mmWave frequencies by

carefully grouping all users and appropriately aportioning the

TAs for each user group, which simultaneously adapting the

number of TAs per layer based on the number of users in each

user group, while increasing the achievable user throughput by

switching among different STSK codewords.
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