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Abstract – Under scenarios of high mobility, the traditional coherent demodulation schemes (CDS) have a limited perfor‑
mance, due to the fact that reference signals cannot effectively track the variations of the channelwith an affordable overhead.
As an alternative solution, non‑coherent demodulation schemes (NCDS) based on differentialmodulation have been proposed.
Even in the absence of reference signals, they are capable of outperforming the CDS with a reduced complexity. The literature
on NCDS laid the theoretical foundations for simpli ied channel and signal models, often single‑carrier and spatially uncorre‑
lated lat‑fading channels. In this work, the most recent results assuming orthogonal frequency divisionmultiplexing (OFDM)
signaling and realistic channel models are explained, and the impact of some hardware impairments such as the phase noise
(PN) and the non‑linear high power ampli ier (HPA) are also considered. Moreover, new potential research lines are also
highlighted.
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1. INTRODUCTION
The Fifth Generation of mobile communications (5G) [1]
is the global standard for a uni ied wireless air interface,
which is capable of providing a great lexibility for a mul‑
titude of use cases. The threemain requirements of those
services are enhanced mobile broadband (eMBB), mas‑
sive machine type communications (mMTC) and ultra re‑
liable low‑latency communications (URLLC). Therefore,
the peak data‑rate is not the only feature to be improved,
but also an enormous number of connected devices and
the latency‑sensitive services are taken into account. Also
there is an increasing interest in providing an adequate
service in high mobility scenarios [2] ‑ [4].
Orthogonal frequency divisionmultiplexing (OFDM)with
multiple‑input multiple‑output (MIMO) [5] have been re‑
cently set as the radio techniques for the physical layer
in 5G [1]. New frequency bands are proposed to be
exploited to obtain more available bandwidth, such as
3.5 GHz and millimeter‑waves (mm‑Wave) [6], and thus,
the existing services can be improved and new ones can
be implemented. The integration of massive MIMO is a
must, not only to improve the average capacity of the
link, but also for the implementation of beam‑steering
and beamforming to mitigate propagation losses in these
new higher bands. Furthermore, the complexity of the
signal processing techniques need to be bounded to re‑
duce the cost of the devices and the delay of the required
operations. As an alternative to classical coherent de‑
modulation schemes (CDS), non‑coherent demodulation
schemes (NCDS) [7–9] have been proposed recently to be
combined with massive MIMO systems [10] ‑ [19]. They
are capable of avoiding the overhead produced by the ref‑
erence signals due to the fact that the transmitted sym‑
bols can be recovered without the knowledge of channel

state information (CSI). This overhead can be excessively
high for very fast time‑varying channels. In such cases, a
signi icant number of reference signals is required for the
continuous tracking of the channel estimation [20].

The works in the literature have provided the theoreti‑
cal foundations to understand NCDS and point to some
cases when they can outperform the traditional CDS, in
particular in scenarios with high mobility [20]. Also, re‑
centworks showsomecombinations ofNCDSwithMIMO‑
OFDM for the uplink (UL) and downlink (DL). In the
present work, convinced that NCDS is an idea whose time
has come, we discuss the implementation of the NCDS in
practical MIMO‑OFDM communication systems, assum‑
ing some realistic channels characterized by high mobil‑
ity. We provide the details of how to integrate the differ‑
ential modulation [21] in the two‑dimensional resource
grid (time and frequency) provided by the OFDM. Addi‑
tionally, we also show the performance of this combina‑
tion under the effects of the phase noise (PN) [22], [23] or
high power ampli ier (HPA) [24], for both UL and DL, and
its bene its as compared to the traditional CDS. Finally, a
discussion related to challenges and opportunities is pro‑
vided togetherwith some concluding remarks, in order to
stimulate the research on this promising topic.

The remainder of the paper is organized as follows. Sec‑
tion 2 introduces the main differences between CDS and
NCDS, especially for high mobility scenarios. Section 3
and Section 4 provide the details of how to integrate the
NCDS with MIMO‑OFM for the UL and DL, respectively.
Section 5 presents several numerical results to evaluate
the proposed scheme under some realistic channel mod‑
els, providing an assessment of the achieved system per‑
formance. Finally, in Section 6, the conclusions follow.
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2. BENEFITSANDWEAKNESSESOFTHECO‑
HERENT AND NON‑COHERENT DEMOD‑
ULATION SCHEMES

2.1 Coherent demodulation schemes (CDS)
Well‑known coherent detection requires a replica of the
carrier at the receiver, with frequency and phase synchro‑
nized, with the transmitted one, and an estimation of the
channel attenuation and phase. Then, the received signal
and a replica of the received version of all possible trans‑
mitted signals can be cross‑correlated tomake a decision.
CDS are widely used bymany communication systems. In
particular, they are used in 5G [1], where the advantages
of MIMO‑OFDM are exploited, providing a high through‑
put through the use of the well‑known 𝑀 ‑ary quadrature
amplitude modulation (QAM). With this modulation for‑
mat, the information is transported in both the amplitude
and phase of the carrier, making an ef icient use of the
transmission channel. However, these bene its come at
the expense of transmitting some reference signals in or‑
der to obtain accurate enough CSI, so that the effects pro‑
ducedby thepropagation channel to the received symbols
can be equalized before a decision. When the channel is
frequency‑selective, OFDM facilitates the implementation
of CDS due to the fact that each subcarrier can be consid‑
ered as having an independent lat‑fading channel, reduc‑
ing the complexity of the equalization.
The need to obtain accurate enough CSI is accepted in
most communication systems, in particular when the
channel impulse response remains quasi‑static for a cer‑
tain period of time and the number of antennas is not
very large. Under these conditions, a reduced amount
of reference signals are used in order to track the chan‑
nel variations in time, frequency and space dimensions.
On the other hand, if we would like to provide commu‑
nications in new challenging environments, such as high
speed trains, autonomous vehicles, etc. these are mainly
characterized by a signi icant Doppler spread due to the
high mobility. In these situations, the traditional CDS re‑
quires an enormous amount of reference signals in order
to continuously and accurately track the variations of the
channel, reducing considerably the overall ef iciency of
the system, as pointed out in [10], [11], [20]. Otherwise, if
the CSI is not properly estimated, the performance of the
CDS is also seriously compromised. Moreover, whenmas‑
sive MIMO is considered, the procedures of channel esti‑
mation and the computation of the pre/post‑coding ma‑
trices may increase the complexity of the system. For ex‑
ample, the channel inversion of large dimensionmatrices
for each subcarrier may be prohibitive for some real‑time
applications when a zero‑forcing (ZF) criterion is chosen.

2.2 Non‑Coherent demodulation schemes
(NCDS)

Looking back in history, NCDS are older than CDS. In [7],
a comparison is made of the output spectra comprising

signal and low‑frequency noise when a sinusoidal signal
plus noise is applied to several types of detector. It is
shown that a considerable gain may be obtained by using
the (new at that time) coherent detector as compared to
the non‑coherent square‑lawdetectorwhen the input sig‑
nal to noise ratio (SNR) is low. In [8], a complete theory
of detection is presented for threshold reception, which
requires either a suitably weighted cross‑correlation of
the received data with the a priori known signal (CDS), or
a suitably weighted autocorrelation of the received data
with itself (NCDS). The Kineplex system developed by
Collins Radio Company introduced the technique of dif‑
ferential phase shift keying (DPSK), as described in [9].
Today, NCDS have been re‑proposed as an alternative to
the traditional CDS due to the fact that they are able to
recover the transmitted symbols without any CSI, that is,
knowledgeof the amplitude andphase of the carrier is not
required. Hence, reference signals are no longer needed,
reducing the undesirable signalling overhead. This effect
is more relevant for highmobility and/or very frequency‑
selective scenarios. Additionally, the complexity of the
transceivers is signi icantly reduced. Typical approaches
involve the detection of the signal energy of phase dif‑
ferences. Despite its simplicity, non‑coherent detection
usually implies a 3 dB loss in SNR as compared to CDS.
For this reason, it has just been used in a few communi‑
cation systems where low complexity was a primary re‑
quirement. Examples of application are Bluetooth [25],
with a non‑coherent frequency shift keying (FSK) receiver
or Zigbee [26], using DPSK.
Differentialmodulation is one of themost frequently used
techniques for NCDS [12] ‑ [19]. In this case the infor‑
mation is encoded by computing the phase difference be‑
tween the current complex data symbol and the previ‑
ously transmitted symbol. At the receiver, a simple dif‑
ferential decoder is required, detecting the phase differ‑
encebetween twocontiguous symbols. To apply this tech‑
nique, the constellation is constrained to have a constant
modulus, such as DPSK, and a single reference symbol is
needed at the beginning of each stream to have an ini‑
tial phase reference. This means a negligible overhead to
the system. It is also required that the channel response
of every two contiguous differential symbols should be
very similar, otherwise the differential decoder is not able
to successfully recover the transmitted information data.
This condition is usually met, even in fast varying chan‑
nels.
Recently, the combination of NCDS with massive MIMO
has been proposed in order to improve its performance
leveraging the high number of antennas. In the context
of UL, [10], [11] showed that asymptotically NCDS can
achieve the same performance as CDS. Nevertheless, the
proposed technique that illustrated this idea required a
very large number of antennas to get an acceptable per‑
formance. Then, [12] ‑ [16] proposed the use of DPSK to‑
gether with an averaging process performed at the base
station (BS) over the spatial domain after non‑coherent
demodulation, in order tomitigate the effects of the chan‑
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nel and noise. Moreover, they proposed the idea of multi‑
plexing the data of each user equipment (UE) in the con‑
stellation domain based on a joint‑symbol, which is a su‑
perpositionof the symbols sent by severalUEs. In the case
of DL, the combination of NCDS with MIMO has been un‑
til now based on block codes [27] ‑ [31]. However, their
application requires that the channel response remains
quasi‑static during the transmission of a block code, and
they also need a high SNR in order to provide an accept‑
able performance. Moreover, they have the problem that
they are not scalable and when the number of antennas
at the BS is very large, the design of these block codes be‑
comes unaffordable. Typically, only two and four trans‑
mit antennas are taken into account [27] ‑ [31]. More
recently, the combination of beamforming and NCDS has
been proposed in order to exploit the high number of an‑
tennas through compensating the path loss and enhanc‑
ing the quality of the link, and spatially multiplexing the
different UEs [18], [19]. In these cases a certain channel
knowledge is needed to point the beam towards the UE
through the beam‑management procedure, and the sig‑
nal is processed non‑coherently in each beam afterwards.
Even though the overhead is not completely eliminated,
the savings are considerable.

3. NCDSWITHMASSIVEMIMOFORTHEUP‑
LINK

We describe in this section how to integrate the NCDS
based on [12] ‑ [17] in a realistic communication sys‑
tem for the particular scenario of UL. We consider one BS
equippedwith 𝑉 antennas, which is simultaneously serv‑
ing 𝑈 UEs. These UEs are constrained to have a reduced
number of antennas, typically single‑antenna devices. Let
us assume that the𝑈 UEs are simultaneously transmitting
𝑁 OFDM symbols. The OFDM signal has 𝐾 subcarriers,
and the length of the cyclic pre ix (CP) is long enough to
absorb the effects of the multi‑path channel. At the re‑
ceiver side, after removing the CP and performing a fast‑
Fourier transform (FFT) to each block at each antenna of
the BS, we can process each subcarrier as one of a set of
𝐾 independent subchannels.

3.1 Integration of differential encoding in
OFDM for high mobility scenarios

Similar to CDS, the NCDS can be also implemented in an
OFDM system [17], suitable for dealing with a doubly‑
dispersive channel. The stream of differential symbols
produced by the differential encoding can be mapped in
the two‑dimensional resource grid provided by theOFDM
(time and frequency). According to [17], the way this
mapping is performed will signi icantly impact on the
overall system, especially for high mobility scenarios.
Typically, NCDS based on differential modulation is per‑
formed using the time domain scheme. This scheme is
represented in Fig. 1, where the red arrows indicate the
direction inwhich differentialmodulation and demodula‑

Fig. 1 – Time domain scheme in the OFDM resource grid when 𝐾 = 12
and𝑁 = 14. The yellow box represents a reference symbol required by
the differential modulation.

Fig. 2 – Frequency domain scheme in the OFDM resource grid when
𝐾 = 12, 𝑁 = 14 and ℐ𝑁 = {1, 8}. The yellow and blue boxes de‑
note the reference symbols required by the differential modulation and
phase difference estimation, respectively.

tion is performed, in this case between resources that be‑
long to the same frequency and contiguous symbols in the
time domain. The differential encoding can be described
as

𝑥𝑢
𝑘,𝑛 = { 𝑟𝑢

𝑘,𝑛, 𝑛 = 1
𝑥𝑢

𝑘,𝑛−1𝑠𝑢
𝑘,𝑛−1, 2 ≤ 𝑛 ≤ 𝑁 , (1)

1 ≤ 𝑢 ≤ 𝑈, 1 ≤ 𝑘 ≤ 𝐾,

where 𝑟𝑢
𝑘,1 is the reference symbol transmitted at the 𝑘‑

th subcarrier of the irst OFDM symbol by the 𝑢‑th UE,
𝑠𝑢

𝑘,𝑛 and 𝑥𝑢
𝑘,𝑛 are the complex data and differential sym‑

bol, respectively, transmitted at the 𝑘‑th subcarrier and
𝑛‑th OFDM symbol by the 𝑢‑th UE. The data symbol 𝑠𝑢

𝑘,𝑛
belongs to a PSK constellation due to the fact that the
differential encoding can only transmit information in
the phase component. However, this time‑domain im‑
plementation has the drawback of an increased latency
andmemory consumption, since thismapping scheme re‑
quires waiting for the reception of two complete OFDM
symbols in order to obtain 𝑠𝑢

𝑘,𝑛, due to the fact that it per‑
forms a differential decoding of two contiguous symbols
in the time domain. Also, it cannot be exploited when
the Doppler shift is very high, since any two consecutive
OFDM symbols will not face a similar channel response.
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Alternatively, the OFDM frame enables exploiting the fre‑
quency dimension, and hence, the differentialmodulation
technique can be also implemented using the frequency
domain scheme (see Fig. 2). According to [17], the dif‑
ferential symbols are mapped into contiguous frequency
resources of the same OFDM symbol as

𝑥𝑢
𝑘,𝑛 =

⎧{
⎨{⎩

𝑟𝑢
𝑘,𝑛, 𝑘 = 1,

𝑥𝑢
𝑘−1,𝑛𝑝𝑢

𝑘,𝑛, 𝑘 = 2, 𝑛 ∈ ℐ𝑁
𝑥𝑢

𝑘−1,𝑛𝑠𝑢
𝑘−1,𝑛, otherwise

, (2)

1 ≤ 𝑢 ≤ 𝑈, 1 ≤ 𝑛 ≤ 𝑁,
where 𝑟𝑢

1,𝑛 and 𝑝𝑢
2,𝑛 are two reference symbols for differ‑

ent purposes, and the set ℐ𝑁 contains the indexes that
correspond to those OFDM symbolswhich carry 𝑝𝑢

2,𝑛. The
irst kind of reference symbol is required for the differen‑
tial demodulation as explained before. The second one
is required for the estimation of the phase difference be‑
tween two subcarriers, consequence of the frequency‑
domain mapping; see [17] for more details. We can see
that this scheme has a reduced latency and is robust
against high Doppler shifts. Furthermore, it is reasonable
to assume that the channel responses of any two contigu‑
ous subcarriers are similar due to the fact that thenumber
of subcarriers is always designed to be much larger than
the number of taps of the channel. However, these bene‑
its come at the expense of an additional phase estimation
and compensation procedure. This additional phase com‑
ponent is very small and consequently can be neglected
for channels that are not very frequency‑selective. On the
other hand, this phase must be compensated for strong
frequency‑selective channels. However, when diversity is
exploited, only an additional reference pilot is required
for all OFDM symbols within the coherence time (𝑝𝑢

2,𝑛),
which produces a negligible impact on overhead.
Both time and frequency domain schemes, presented in
[17], may introduce a signi icant overhead, if the number
of allocated resources is reduced (𝐾 ↓ and/or 𝑁 ↓). For
example, in scenarios of mMTC, the machine devices are
designed to send short packets of just a few bytes. The
adoption of any of the two presented schemes implies to
send a signi icant amount of reference symbols. Hence,
we propose a new mapping scheme named as mixed do‑
main scheme (see Fig. 3). Firstly, we differentially encode
the data symbols as

𝑥𝑢
𝑗 =

⎧{
⎨{⎩

𝑟𝑢
𝑗 , 𝑗 = 1

𝑥𝑢
𝑗−1𝑝𝑢

𝑗 , 𝑗 = 2
𝑥𝑢

𝑗−1𝑠𝑢
𝑗−1, 3 ≤ 𝑗 ≤ 𝐾𝑁

, 1 ≤ 𝑢 ≤ 𝑈 (3)

where the 𝑗 denotes the resource index. Then, the differ‑
ential symbols𝑥𝑢

𝑗 are allocated to the two‑dimensional re‑
source grid as

𝑥𝑢
𝑘,𝑛 = 𝑥𝑢

𝑗 ∣ (𝑘, 𝑛) = 𝑓(𝑗), 1 ≤ 𝑗 ≤ 𝐾𝑁, (4)

where 𝑓(•) is the resource mapping policy function. Fig.
3 shows a recommended example of a mapping policy

Fig. 3 –Mixed domain scheme in the OFDM resource grid when𝐾 = 12
and 𝑁 = 14. The yellow and blue boxes denote the reference symbols
required by the differentialmodulation andphase difference estimation,
respectively.

function, where the dramatic reduction of reference sig‑
nals can be observed. This policy mainly follows the fre‑
quency domain scheme, except for the edge subcarriers
of the block, that follow a time domain scheme. This pro‑
posal cannot only signi icantly reduce the number of ref‑
erence symbols, but it is also capable of taking all advan‑
tages of a frequency domain scheme. Moreover, in the
case of time‑varying channels, only those complex sym‑
bols placed at both edge subcarriers may suffer from an
additional degradation, that can be easilymitigated by us‑
ing some channel coding [16], [32] or spreading [33] tech‑
niques.
For the sake of conciseness and to ease the notation, the
frequency domain scheme is the chosen one for the rest
of the paper. Note that any of the presented techniques in
the following sections can be straightforwardly adopted
for both time and mixed domain schemes.

3.2 Multi‑user multiplexing in the constella‑
tion domain

For a single‑user case, the use of a constant modulus con‑
stellation, such as DPSK [12] ‑ [15], is the only require‑
ment for the non‑coherent demodulation based on differ‑
ential detection. However, when a multi‑user scenario is
considered, if wewould like that all independent transmit
sources are transmitting in the same time‑frequency re‑
source (to increase the spectral ef iciency), the received
signals from these independent sources are summed up
and need to be conveniently separated [12]. Then, the
choice of the constellation for each individual UE is crucial
in order to produce joint‑symbols that belong to a joint‑
constellation from which it is possible to unambiguously
recover the transmitted data of all UEs.
At the BS, after removing the CP and performing the DFT,
the received signal at the 𝑘‑th subcarrier, 𝑛‑th OFDM sym‑
bol and 𝑣‑th antenna can be expressed as

𝑦𝑣
𝑘,𝑛 =

𝑈
∑
𝑢=1

√𝛽𝑢ℎ𝑢,𝑣
𝑘,𝑛𝑥𝑢

𝑘,𝑛 + 𝑤𝑣
𝑘,𝑛, (5)

1 ≤ 𝑣 ≤ 𝑉 , 1 ≤ 𝑘 ≤ 𝐾, 1 ≤ 𝑛 ≤ 𝑁,
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1-1

j

-j
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0.707j

-0.707j
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1.707-1.707

1.707j
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Joint-constellation at the BS

Type B Equal Error Protection (EEP)

Fig. 4 – Example of two joint‑constellations, for two UEs and four symbols each. The symbols of UE1 are shown using different colours and the symbols
of UE2 are plotted using different markers.

where 𝛽𝑢 is the average power of the signal of the 𝑢‑th UE,
𝑤𝑣

𝑘,𝑛 denotes the additive white Gaussian noise (AWGN)
at 𝑘‑th subcarrier, 𝑛‑th OFDM symbol and 𝑣‑th antenna,
distributed as 𝒞𝒩(0, 𝜎2

𝑤); and ℎ𝑢,𝑣
𝑘,𝑛 corresponds to the

channel frequency response between the 𝑢‑th UE and the
𝑣‑th antenna at the 𝑘‑th subcarrier and 𝑛‑th OFDM sym‑
bol, distributed as 𝒞𝒩(0, 1). For simplicity, we assume
here that the channel response is spatially uncorrelated,
while we will use more realistic channel models for per‑
formance evaluation. Besides, note that the difference in
𝛽𝑢 among different UEs may be due to the constellation
design or to different propagation path loss. In the latter
case, an accurate power control must be implemented to
compensate this difference.
According to [12], 𝑦𝑣

𝑘,𝑛 is fed to the differential decoder
and averaged over the spatial dimension as

𝑧𝑘,𝑛 = 1
𝑉

𝑉
∑
𝑣=1

(𝑦𝑣
𝑘−1,𝑛)∗ 𝑦𝑣

𝑘,𝑛, (6)

2 ≤ 𝑘 ≤ 𝐾, 1 ≤ 𝑛 ≤ 𝑁,
where (•)∗ is the complex conjugate operation and 𝑧𝑘,𝑛
denotes the received joint‑symbol at the 𝑘‑th subcarrier
and 𝑛‑th OFDM symbol. When the number of antennas is
large enough and making use of the Law of Large Num‑
bers, 𝑧𝑘,𝑛 can be approximated as

𝑧𝑘,𝑛
𝑉 →∞−−−→ 𝑠𝑘,𝑛 =

𝑈
∑
𝑢=1

𝛽𝑢𝑠𝑢
𝑘,𝑛 (7)

2 ≤ 𝑘 ≤ 𝐾, 1 ≤ 𝑛 ≤ 𝑁,
where 𝑠𝑘,𝑛 is the joint‑symbol at the 𝑘‑th subcarrier and
𝑛‑th OFDM symbol. Note that the interference and noise
terms are averaged out thanks to the large number of an‑
tennas at the BS, otherwise the performance may be de‑
graded. More details are given in [12] ‑ [17].
The performance of the overall multi‑user systems de‑
pends on the constellation of the joint‑symbol. This joint‑

symbolmust be properly designed to enable the demodu‑
lation of the transmitted information by all the UEs. Con‑
sequently, the choice of the individual constellation is cru‑
cial to produce a robust joint‑constellation against inter‑
ference and noise effects. The most used constellations
are the Type B [12] and equal error protection (EEP) [13].
The constellation of the 𝑢‑th UE can be expressed as

ℳ𝑢
𝐵 = {√𝛽𝑢 exp(𝑖2𝜋

𝑀 𝑚) ∣ 0 ≤ 𝑚 ≤ 𝑀 − 1} , (8)

ℳ𝑢
𝐸 = {exp(𝑖 (2𝜋

𝑀 𝑚 + 𝜋
2𝑈 𝑢)) ∣ 0 ≤ 𝑚 ≤ 𝑀 − 1} ,

(9)
for Type B and EEP, respectively, where 𝑀 denotes the
number of symbols in the constellation. Fig.4 shows
an illustrative example of these two types of joint‑
constellations, designed for the particular case of ULwith
only two UEs, each of them using a 4‑DPSK. In the irst
case, all UEs have the same 4‑DPSK constellation and
are distinguished with a different amplitude. This pro‑
duces the joint‑constellation also shown in the same ig‑
ure, where we can see that all symbols are equally spaced
providing a robustness against possible interference and
noise terms. However, those UEs with a lower amplitude
will obtain aworse performance for the samenoise condi‑
tions as compared to the stronger ones. Indeed, the aver‑
age distance of the symbols of UE 𝑢 = 1 (shown in differ‑
ent colours) is much larger than the distance of UE 𝑢 = 2
(plotted in different markers). In EEP, both UEs have the
same amplitude, and then the same performance. Their
constellations differ in a rotation of 45°. However, this
option presents several symbols of the joint‑constellation
(those placed in the middle) that are too close to each
other, degrading the performance.
The design of optimal individual constellations for multi‑
user NCDS that work well in realistic channel conditions
is still a very challenging topic, due to the diverse effects
of the channel impairments and interference and the dif‑
iculty to analyse them.
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Fig. 5 – Block diagram for UL, where different UEs are multiplexed in the constellation domain.

The block diagram of a UL system addressing amore gen‑
eral multi‑user case is shown in Fig. 5, from [17]. In this
system, several UEsmap their data bits into complex sym‑
bols that belong to a speci ic DPSK constellation. Then,
the differentially encoded symbols are transmitted into
an OFDM signal through a multi‑path channel. The re‑
ceived signal at each antenna of the BS after the OFDM
receiver corresponds to a superposition of different sig‑
nals coming from each UE. Later, these differential sym‑
bols are non‑coherently combined by using a differential
decoder and averaged over the spatial domain in order to
obtain the desired joint‑symbol. Exploiting the spatial di‑
versity in order to reduce the noise and multi‑user inter‑
ference (MUI) is crucial to obtaining a right decision from
the joint‑symbol [12]. Additionally, the constellation de‑
sign can be combinedwith channel coding, where the soft
information can either improve the performance or re‑
duce the number of required antennas at the BS [16] [32].

4. NCDS WITH MASSIVE MIMO FOR THE
DOWNLINK

Now turning to the DL, the massive number of antennas
at the BS are used for transmission andwe can only count
on a few antennas at the UE receivers, just one per UE in
many cases. The mapping schemes and multi‑user con‑
stellations proposed for the UL are still valid, while we
need a fewmore ingredients to make these schemes suit‑
able for the DL. We explain in the following these key in‑
gredients for a combination of NCDS with beamforming
based on [19], where the BS is simultaneously transmit‑
ting the 𝑈 data streams through its 𝑉 antennas, while the
UEs are receiving with their single‑antenna device.

4.1 Beamforming
The exploitation of the diversity from the transmitter
without the knowledge of the CSI is still a challenge. Due
to the fact that techniquesbasedonblock codes [27] failed
to exploit the large number of antennas at the transmitter,
we propose the use of beamforming in order to take ad‑
vantage of the massive number of antennas of the BS at
the expense of using some (reduced) channel knowledge.
Then, it is assumed that the angular positions of each UE

are obtained through a beam management procedure to
point the beams towards each UE. Once this is achieved,
the data information is sent over a non‑coherently pro‑
cessed link. Reference [18] proposed a similar idea as‑
suming, however, an ideal case where the MUI is com‑
pletely mitigated by the beamforming. Meanwhile, the
combination of NCDS with a practical beamforming tech‑
nique is proposed in [19], taking into account the residual
MUI.
In [19] the beam‑management procedure de ined in 5G
[1] is suggested to be performed as a irst step. This pro‑
cedure is responsible for accurately determining the an‑
gle of the spatial clusters of the propagation channel con‑
tributing to the signal of each UE, by transmitting some
reference signals. These reference signals are speci i‑
cally the synchronization signals (SS) and channel state
information‑reference signals (CSI‑RS). The former are
usedwhen aUEwould like to enter the system for the irst
time, while the latter are exploited for updating the angu‑
lar position of an existing UE in the system.
Then, the BS transmits one or several differential data
streams to each UE by using beamforming [34] as

𝑥𝑢,𝑣
𝑘,𝑛 = 𝑏𝑢,𝑣

𝑘,𝑛𝑥𝑢
𝑘,𝑛, 1 ≤ 𝑣 ≤ 𝑉 , (10)

1 ≤ 𝑢 ≤ 𝑈, 1 ≤ 𝑘 ≤ 𝐾, 1 ≤ 𝑛 ≤ 𝑁,
where 𝑏𝑢,𝑣

𝑘,𝑛 is the precoding coef icient for the 𝑢‑th UE and
𝑣‑th antenna of the BS, placed at the 𝑘‑th subcarrier and
𝑛‑th OFDMsymbol. This precoding coef icient is obtained
according to the estimated angular positions of each UE,
and thus, it is in charge of focusing the energy in the ob‑
tained speci ic directions. In this way, the path loss is
compensated and theMUI that results from spatiallymul‑
tiplexing the UEs in different beams is avoided. Similarly,
beamforming can be used in the UL for the BS to receive
the signal coming from these spatial directions.
Depending on the angular position of different UEs, it
may be dif icult to completely remove the MUI by exploit‑
ing the beamforming. Therefore, the overall performance
critically depends on the scheduler which is capable of
properly selecting those UEs to be simultaneously served
in the same time and frequency resources andminimizing
the negative impact of the mentioned MUI. Even though
we are making use of some reference signals to perform
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the beamforming, any other additional overhead used
in the CDS, such as the demodulation‑reference signals
(DM‑RS), is avoided, increasing the spectral ef iciency.

4.2 Frequency diversity
Due to the usually limited number of antennas at the UE,
averaging in any dimension other than space (e.g. in time
or frequency) is proposed in [19] to provide an additional
source of diversity. This diversity is needed in order to
obtain the required SINR gain for a good performance of
the NCDS [12]. It is particularly needed if wewant tomul‑
tiplex several UEs in the constellation domain or enable
services that are critical in terms of performance. The use
of the frequency dimension is described in [17], with the
advantage that each OFDM symbol can be independently
processed. The proposed scheme can be easily extended
to averaging either in time (processing several consecu‑
tive OFDM symbols) or space (increasing the number of
receive antennas of the UE, when possible).
The way to leverage frequency diversity consists in trans‑
mitting the same differential complex symbol in several
frequency resources. At the transmitter, after performing
the differential encoding, the 𝑄 differential symbols are
repeated as

𝑥𝑢
𝑘,𝑛 = 𝑥𝑢

𝑞,𝑛 ∣ 𝑞 = mod (𝑘 − 1, 𝑄) + 1, 𝐾 = 𝑄 × 𝐹,
(11)

1 ≤ 𝑢 ≤ 𝑈, 1 ≤ 𝑘 ≤ 𝐾, 1 ≤ 𝑛 ≤ 𝑁,

where 𝐹 is the frequency repetition/averaging factor.
At the receiver, analogously to ((6)), the frequency diver‑
sity is exploited in the non‑coherent detection, where the
received data in the subcarriers that carry the same trans‑
mitted data are averaged as

𝑧𝑞,𝑛 = 1
𝐹

𝐹−1
∑
𝑓=0

(𝑦𝑣
𝑞−1+𝑓𝑄,𝑛)∗ 𝑦𝑣

𝑞+𝑓𝑄,𝑛, (12)

2 ≤ 𝑞 ≤ 𝑄, 1 ≤ 𝑛 ≤ 𝑁.

With this scheme there is a trade‑off between overhead
and robustness. We will see that for some particular sce‑
narios with high mobility, even with the added overhead,
this schemewill outperform the CDS in terms of through‑
put.
In Fig. 6 the block diagram of the system proposed in [19]
is shown, combining the beamforming with the NCDS. At
the receiver, assuming single‑antenna devices, only fre‑
quency diversity is exploited in order to reduce the noise
and MUI terms.

5. PERFORMANCE DISCUSSION
In this section we illustrate the performance of the com‑
bination of NCDS with a large number of antennas by dis‑
cussing some numerical results. A comparisonwith some
CDS counterparts is also provided.

5.1 Simulation parameters
To show some illustrative results, the numerology of the
OFDM signal is chosen according to 5G [1]. The carrier
spacing isΔ𝑓 = 30 KHz, which is themost frequent value
in different bands [35]. The bandwidth of the system is
𝐵𝑊 = 100 MHz and the carrier frequency is 𝑓𝑐 = 3.5
GHz. The BS is equipped with a uniform linear array
(ULA) of 𝑉 = 128 antenna elements, which are simul‑
taneously serving two UEs (𝑈 = 2) in the whole band‑
width. Their angular separation corresponds to 72° and
the path loss is not considered, since the power control is
assumed to work perfectly. We adopt a geometric chan‑
nel model, which corresponds to a spatially correlated
channel, where the power delay pro ile corresponds to
the Type B given in [35], the delay spread is 𝐷𝑆 = 16
ns and the angular spread is 𝐴𝑆 = 5°. We assume that
there is a Doppler shift of 𝑓𝑑 = 1.6 KHz which corre‑
sponds approximately to a speed of 𝑣 = 500 km/h at the
mentioned carrier frequency. We assume a perfect time‑
frequency synchronization and power control at the re‑
ceiver. For the sake of space we do not provide any re‑
sults for a higher carrier frequency. However, the cho‑
sen delay and angular spread can be also representative
of the propagation at higher frequencies, and the same
Doppler frequency would correspond to a smaller speed.
Hence, the conclusions obtainedwith these numerical re‑
sults, in particular those including beamforming (which
would be mandatory to compensate the path loss), can
be extrapolated to other higher frequency bands, such as
mm‑Wave [36]. The SNR is conventionally de ined as the
ratio of the received signal power over the noise power at
each antenna of the receiver.
For a baseline CDS system to compare the performance,
we adopt the pilot con iguration speci ied for the demod‑
ulation reference signals (DM‑RS) in 5G [1]. In the time
domain, due to the high mobility, we set four reference
symbols for each slot, which corresponds to themaximum
pilot density allowed by the standard. In the frequency
domain, we assume the con iguration Type‑1, where each
half of the subcarriers are allocated to each UE: the even
subcarriers are used for the channel estimation of theUE1
and the odd subcarriers are for UE2. At the receiver, the
channel estimation is irstly obtained at the pilot symbol
resources by applying least squares (LS) [37]. Then, these
estimates are interpolated to the entire resource grid by
using spline interpolation.
Moreover, some hardware impairments are also consid‑
ered, such as the effects of PN and the non‑linearHPA. The
effect of the PN is due to the instability of the local oscil‑
lators, that can only be reduced by making a more expen‑
sive one. The PN is typically modelled according to a clas‑
sical Wienner random walk process given in [23], where
the system performance is related to the phase noise in‑
crement variance 𝜎2

𝜂 over the sample period 𝑇 , where
𝜎2

𝜂 = 2𝜋𝐵𝜂𝑇 , with 𝐵𝜂 equal to the 3‑dB bandwidth of
the Lorentzian power density carrier spectrum. The neg‑
ative effect of the PN not only will degrade the received
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Fig. 6 – Block diagram for DL, where the BS uses a beamforming technique and all UEs are single‑antenna devices.

symbols, but it will also add a common phase error [23].
The variance of the PN corresponds to 𝜎2

𝜂 = 10−5 rad2.
On other hand, the realistic transfer function of the HPA
is not a linear function for all possible input values. This
implies that the output might be saturated for those in‑
put values that are higher than the saturation point. This
non‑linear effect will not only degrade the quality of the
received signal, but it will also enhance the out‑of‑band
emissions. According to [24], we consider a solid state
power ampli ier whose output back‑off (OBO) is OBO = 8
dB.

5.2 Numerical results
In Fig. 7, we show the SER comparison between CDS
and NCDS for the UL. The constellations of the two UEs
are QPSK for CDS and EEP for NCDS, both using two bits
per symbol. The CDS performs a post‑equalizer at the BS
based on a ZF criterion. In the absence of PN andHPA, the
NCDS outperforms the traditional CDS by almost two or‑
ders of magnitude of SER for moderate and high SNR sce‑
narios. When hardware impairments are considered, the
PN and HPA effects do not signi icantly degrade the per‑
formance of NCDS. On the other hand, the performance of
CDS with and without the effect of the HPA is very poor,
and it is even worse with the PN. The PN does not affect
our proposed system due to the use of a differential mod‑
ulation and the fact that the phase noise does not change
between two contiguous subcarriers [23]. The negative
effect of the HPA is negligible in both systems because the
OBO is enough, in view of the robustness of the PSK sig‑
nals, which are ampli ied separately at the transmitter of
each UE.
In Fig. 8, we plot the SER comparison between CDS and
NCDS for the DL. The same beamforming is considered
for CDS and NCDS to spatially multiplex the two UEs. Ad‑
ditionally, a frequency averaging of factor 𝐹 = 16 is
performed in both schemes to leverage diversity and im‑
prove the overall performance, whichwould be otherwise
compromised. Again, in the absence of PN and HPA, the
NCDS outperforms the CDS by several orders of magni‑
tude, showing that the frequency averaging is able to ef‑

fectively reduce its SER, while it is not enough for CDS to
work properly. When hardware impairments are consid‑
ered, the performance of NCDS is degraded by both HPA
and PN effects. In the same way as for the UL, we can see
that NCDS is very robust to the PN effects due to the dif‑
ferential modulation. However, the non‑linear HPA sig‑
ni icantly degrades its performance. In this case the BS
is simultaneously transmitting the signals of the two UEs
and, consequently, the constant envelope characteristic
of each of the PSK signals is lost when they are combined.
It turns out that now the OBO is not enough and some of
the signal peaks are clipped. This affects equally to both
NCS and CDS. In Fig. 9, a comparison in terms of through‑
put is provided for the DL, whose expression is given by

𝑇𝑟 = log2 (𝑀) (1 − 𝑆𝐸𝑅)𝐵𝑊
𝐹 . (13)

We can see that even with the overhead due to a very
high frequency averaging factor (𝐹 = 16), the NCDS
still outperforms the traditional CDS. This difference is
evenhigherwhen either PNorHPAeffects are considered.
Therefore, the throughput reduction due to the overhead
produced by the frequency diversity is negligible as com‑
pared to the small throughput achieved by the CDS due to
a poor performance obtained even with a large overhead.

6. CONCLUSION
Wehave provided a detailed description of the novel com‑
bination of NCDS andmulti‑user MIMO‑OFDM based on a
differential modulation scheme. Both DL and UL scenar‑
ios are considered and the performance is analyzed for
realistic channel conditions including the effect of the PN
and HPA.
It is shown that for channels with highmobility, the NCDS
outperforms the traditional CDS obtaining a better per‑
formance, even more noticeable when PN and non‑linear
HPA effects are taken into account. NCDSdoes not require
any additional PN estimation and equalization since it is
inherently robust to these effects. Moreover, it shows a
similar degradationwith the non‑linear effects of the HPA
to that suffered by CDS, since they share the sensitivity of
OFDM to these effects.
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The NCDS combined with multi‑user MIMO‑OFDM is
shown to be a feasible and very attractive technique
which substantially improves the performance of the co‑
herent systems, especially in challenging scenarios such
as systems with realistic propagation channels and high
mobility. However, there is still need for new research

and ideas to improve the NCDS. In particular, the multi‑
plexing of UEs in the constellation domain is not ef icient,
so an excessively high number of antennas is currently
needed to multiplex more than two UEs [12]. There is a
need to ind new constellation designs that overcome this
limitation. A possibleway to obtain these optimal designs
is to use some arti icial intelligence techniques in order to
automatically deal with the channel andmulti‑user inter‑
ference effects. Not only the phases, but also the constant
amplitudes of the constellations are possible values to se‑
lect, giving a more complex search space, where arti icial
intelligence can help.
Additionally, we have seen that the performance is very
sensitive to the spatial separation of the UEs that are
multiplexed, either in constellation or space. Therefore,
scheduling algorithms that take this into account and op‑
timize a particular performance metric are also crucial.
The advantages of NCDSwith respect to CDS vanish when
the channel is quasi‑static and with high SNR. Then, it is
advisable to ind hybrid schemes, such as [20] where the
best of both paradigms is used according to the commu‑
nication scenario and needs.
Finally, it is foreseen that in the future communications
will be tightly integrated with sensing, which is one of the
main objectives of the the Sixth Generation (6G) ofmobile
communications [38]. In these new systems, the ef icient
exploitationof CSI under a varietyof scenarioswill play an
important role, and hence, we forecast that the exploita‑
tion of non‑coherent techniques will be an interesting al‑
ternative, in order to increase the ef iciency of the overall
system. Wehope that this reviewof theNCDS characteris‑
tics, feasible implementation and performance will stim‑
ulate new research and advances in this topic.
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