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Abstract—A novel time division duplex massive MIMO ap-
proach based on performing a blind channel estimation in the
uplink using differentially encoded data and a precoding in the
downlink, also with differentially encoded data, is proposed.
In this system, the use of any type of explicit pilot symbol
is completely avoided while maintaining spatial multiplexing
capabilities in the downlink. We perform an analysis of the full
system in terms or signal-to-interference-and-noise ratio (SINR)
for the uplink and the downlink. The performance of the channel
estimation using differentially encoded data is also analyzed, since
it affects the performance of the downlink data transmission. A
multi-user allocation strategy in an OFDM grid is proposed. The
analysis is corroborated via numerical results and the proposed
scheme is shown to outperform its coherent counterpart.

Index Terms—Non-coherent, massive MIMO, differential mod-
ulation, spatial multiplexing, TDD.

I. INTRODUCTION

A key ingredient for the advancement of wireless commu-
nications is massive multiple-input-multiple-output (MIMO),
a technology where a base station (BS) is equipped with a
large number of antennas [1]. Typically, time division duplex
(TDD) is used in coherent massive MIMO as the strategy to
organize the uplink (UL) and downlink (DL) usage of the
channel resources [2]. In TDD, each user sends its orthogonal
reference signals, also called pilots, multiplexed with data in
the uplink, and the channel is estimated to obtain the so-
called channel state information (CSI) using these pilots. With
the obtained CSI, the uplink data are coherently demodulated
thanks to the estimated channel response. Additionally, using
the same CSI, the downlink data are precoded to spatially
separate the users making use of channel reciprocity.

There are challenging scenarios of interest, such as those
with high mobility and/ or low SNR, where the use of
accurate enough CSI is problematic, since many pilots may
be needed [3], [4]. Moreover, in scenarios with many users,
this problem aggravates, since each user needs to transmit
orthogonal pilots to obtain their respective CSI without inter-
ference. Noteworthily, additional pilot symbols must be added
in each data stream in the downlink of each user since the
channel precoding may not perfectly separate the users or
compensate the channel effects, and additional processing is
needed making use of these pilots, which are often called
demodulation pilots or downlink pilots [5]. The overhead
due to uplink and downlink pilots may become excessive in

the above mentioned circumstances, causing an intolerable
decrease of the actual data throughput.

A technique that allows to receive data without using CSI
in the uplink, while benefiting from the use of many antennas
at the BS and also reducing the complexity of the receivers, is
called non-coherent (NC) massive single-input-mutiple-output
(SIMO) [6]. It was shown in [3] that NC detection based on
differential 𝑀-ary phase shift keying (DMPSK) [6] can detect
data without CSI and that the channel can be estimated after
reconstructing the received NC data in the uplink.

While the literature is very focused on the uplink, not
much has been proposed for the downlink [7]. Then, a natural
question arises: can we leverage the channel estimation method
proposed in [3] to design a whole pilot-less (uplink and
downlink) communications system? To answer this question,
in this paper, we propose and analyze an innovative approach
for TDD massive MIMO in which the uplink is based on the
NC massive SIMO scheme where each user sends orthogonal
differentially encoded data streams, which are used in the
receiver to both receive data and estimate the channel, as
shown in [3]. The downlink is based on precoding the data
streams of all simultaneously served users with this CSI
estimated using NC uplink data. Users are spatially separated
through the precoder and their data is differentially encoded to
avoid the need for downlink demodulation pilots. Even though
these pilots are shared by many users, their main limitation
comes from the fact that for each user, the resources available
for the downlink may be very limited and it could still impact
the performance in the downlink, as shown in Fig. 1. We
consider in the performance analysis an orthogonal frequency
division multiplexing (OFDM) waveform [8] and channels that
are correlated in time.

The remainder of this paper is organized as follows. We
introduce the system model in Sec. II. We analyze the mean
square error (MSE) of the channel estimation using NC
data with time variability and characterize the theoretical
expression of the symbol-error-rate (SER) of the precoded
downlink data in Sec. III. Numerical results in Sec. IV confirm
our derivations and show a performance comparison between
the proposed scheme and the coherent counterpart. Some
conclusions and future work are pointed out in Sec. V.

Notation: matrices, vectors and scalar quantities are denoted
by boldface uppercase, boldface lowercase, and normal letters,



respectively. [A]𝑚,𝑛 denotes the element in the 𝑚-th row
and 𝑛-th column of A, where a subindex ∀ indexes all the
elements in that dimension. [a]𝑛 represents the 𝑛-th element
of vector a. The superscripts (·)𝐻 , (·)∗, (·)𝑇 , (·)−1 and ∗
denote Hermitian, complex conjugate, matrix transpose, matrix
inverse and convolution, respectively. E {· } represents the ex-
pected value. CN(0, 𝜎2) represents the circularly-symmetric
and zero-mean complex normal distribution with variance 𝜎2,
𝑈 (𝑎, 𝑏) represents the uniform distribution between 𝑎 and 𝑏

and 𝑉𝐺 (𝜇, 𝛼, 𝛽, 𝜆) refers to the variance gamma distribution
where 𝜇 is the location, 𝛼 and 𝛽 are the asymmetry parameters
and 𝜆 is the shape parameter. ℜ{(·)} and ℑ{(·)} refer, respec-
tively, to the real and imaginary parts of a complex number.
| |𝑥 | |2 denotes the euclidean norm of 𝑥. 1 and 0 indicate a
column vector of all ones and all zeros, respectively. 𝑄(·) is
the Q-function and I the identity matrix. ∠(·) is the angle
function.

II. SYSTEM MODEL

A. Baseline TDD coherent massive MIMO
We consider a massive MIMO base-station (BS), with

𝑅 antennas and 𝑈 single-antenna users. An OFDM signal
composed of 𝐾 subcarriers is used for transmission in UL
and DL, with cyclic prefix length (𝐿𝐶𝑃), which is designed to
be long enough to absorb the effects of the multipath channel.
At each receiving side, after removing the cyclic prefix and
performing a fast Fourier Transform (FFT), it is possible to
process each subcarrier independently.

In the UL, each user 𝑢 transmits a symbol 𝑥𝑘𝑛, containing
either data or a pilot, placed in an orthogonal subcarrier 𝑘 at
time instant 𝑛. The propagation channel between the user 𝑢 and
the BS at time instant 𝑛 and subcarrier 𝑘 is represented by h𝑘𝑛
of size (𝑅 × 1) where h𝑘𝑛 ∼ CN (0, I) is modeling a Rayleigh
distributed channel, as defined in [9]. Following [10], [11],
the channel coefficients suffer from time variability and an
autoregressive model approximates the temporally correlated
fading channel coefficients of subcarrier 𝑘 at time instant 𝑛 as

h𝑘𝑛′ = 𝛼𝑑h𝑘𝑛 + wℎ𝑛′ , (1)

where 𝑛′ refers to a time instant in the future with respect
to 𝑛 (𝑑 = |𝑛′ − 𝑛| time difference in OFDM symbols),
𝛼𝑑 = 𝐽0

(
2𝜋𝑑𝑓𝐷

(
𝐾+𝐿𝐶𝑃
𝐾Δ 𝑓

))
< 1 is the temporal correla-

tion parameter, Δ 𝑓 is the subcarrier spacing in Hertz, 𝐽0 (·)
denotes the zero-th order Bessel function of the first kind
and 𝑓𝐷 represents the maximum Doppler shift experienced
by the transmitted signal, also in Hertz. Also, we assume
that wℎ

𝑛′ is uncorrelated with h𝑘𝑛 since it represents a ran-
dom channel change component and is modeled [12] as a
Gaussian random process with i.i.d. entries and distribution
wℎ𝑛 ∼ CN

(
0, (1 − 𝛼2

𝑑
)I

)
.

The received signal in the UL for each user 𝑢 at the 𝑘-th
subcarrier and 𝑛-th time instant is given by

y𝑘𝑛 = h𝑘𝑛𝑥𝑘𝑛 + 𝝂𝑘𝑛 , (2)

where 𝝂𝑘𝑛 (𝑅 × 1) denotes the additive white Gaussian
noise (AWGN) in the UL distributed according to 𝝂𝑘𝑛 ∼

CN(0, 𝜎2
𝜈,𝑢). In the BS, h𝑘𝑛 is estimated from y𝑘𝑛. In case

𝑥𝑘𝑛 is a known pilot, the channel for each user 𝑢 is estimated
following pilot-symbol-assisted modulation (PSAM) [13] and
denoted as [ĥ𝑘𝑛]𝑢. The estimated channels of all the users are
stacked as Ĥ𝑘

𝑛 = [[ĥ𝑘𝑛]1, · · · , [ĥ𝑘𝑛]𝑈]𝑇 .
In the DL, the symbols of all the users are stacked in x𝑘𝑛

of size (𝑈 × 1) for each time instant 𝑛 and subcarrier 𝑘 and
are precoded before transmission using the precoding matrix
B𝑘𝑛 = (Ĥ𝑘

𝑛)𝐻 for maximum ratio transmission (MRT). The DL
channel is composed as H𝑘

𝑛 = [[h𝑘𝑛]1, · · · , [h𝑘𝑛]𝑈]𝑇 , where
the DL channels of all users are stacked. Thus, in the DL the
received signal is

y𝑘𝑛 = H𝑘
𝑛B𝑘𝑛x𝑘𝑛 + 𝝂𝑘𝑛 , (3)

where 𝝂𝑘𝑛 is a vector (𝑈 × 1) where each element is the noise
at the receiver of each user 𝑢 and is distributed as [𝝂𝑘𝑛]𝑢 ∼
CN(0, 𝜎2

𝑘
). When MRT is applied in the DL of the BS, we

can extend (3) by separating the matrix between the desired
user and the rest of the users, so (3) can be rewritten as

[y𝑘𝑛]𝑢 = [H𝑘
𝑛]𝑢,∀[B𝑘𝑛]∀,𝑢 [x𝑘𝑛]𝑢+∑︁

𝑢′≠𝑢

[H𝑘
𝑛]𝑢,∀[B𝑘𝑛]∀,𝑢′ [x𝑘𝑛]𝑢′ + 𝝂𝑘𝑛 .

(4)

For coherent demodulation, in this manuscript it is assumed
that the coherence time of the channel is at least four OFDM
symbols (which is the most pessimistic case) as shown in Fig.
1. Thus, due to the reciprocity of the channel, we can ensure
that h𝑘𝑛𝑢 ≈ (h𝑘𝑛𝑑 )

𝑇 so long as |𝑛𝑢 − 𝑛𝑑 | < 𝑛𝑐, where 𝑛𝑐 =

0.15 𝑓 −1
𝐷

Δ 𝑓 [10] denotes the coherence time in OFDM symbol
units according to the model (1).
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Fig. 1. TDD frame comparison for coherent (a) and non-coherent (b).

To analyze the effect of imperfect channel estimation for
the proposed scheme in the next Section in the downlink
transmission, we assume the following definition [14]

Ĥ𝑘
𝑛 =

√︃
1 − 𝑒2

𝑑
H𝑘
𝑛 + H𝑘

𝑒 , (5)

where H𝑘
𝑒 ∼ CN

(
0, 𝑒2

𝑑
I
)

is an error component which is
uncorrelated with H𝑘

𝑛.

B. Proposed pilot-less TDD massive MIMO

We propose a system in which each UL and DL data symbol
of each user 𝑠𝑘𝑛 is differentially encoded as

𝑥𝑘𝑛 = 𝑥𝑘𝑛−1𝑠
𝑘
𝑛 1 ≤ 𝑛 ≤ 𝑁, (6)

where 𝑁 denotes the length of the differentially encoded data
stream which only needs one reference symbol or pilot 𝑠𝑘0



known at the BS (for the UL) and at each user (for the
DL), and 𝑠𝑘𝑛 belongs to a DMPSK constellation. Because the
information is only encoded in the phase of unit modulus
symbols, we know that (𝑥𝑘𝑛)∗𝑥𝑘𝑛−1 = 𝑠𝑘𝑛.

The reception is performed via differential detection of two
consecutive received signals (2) in time, as shown in [15],

𝑧𝑘𝑛 =

(
y𝑘𝑛−1

)𝐻
y𝑘𝑛 =

(
h𝑘𝑛−1

)𝐻
h𝑘𝑛𝑠𝑘𝑛 + 𝜂𝑘𝑛, (7)

with the noise terms (𝜂𝑘𝑛) as

𝜂𝑘𝑛 =

(
h𝑘𝑛−1

)𝐻 (
x𝑘𝑛−1

)𝐻
𝝂𝑘𝑛 +

(
𝝂𝑘𝑛−1

)𝐻
h𝑘𝑛x𝑘𝑛 +

(
𝝂𝑘𝑛−1

)𝐻
𝝂𝑘𝑛 , (8)

and the transmitted symbol for each user is estimated in the BS
(for the uplink) and in each user terminal (for the downlink)
according to [6] as

𝑠𝑘𝑛 = arg min
𝑠𝑘𝑛

{��𝑠𝑘𝑛 − 𝑧𝑘𝑛�� , 𝑠𝑘𝑛 ∈ 𝔐
}
, (9)

where 𝔐 indicates the DMPSK constellation set, of size 𝑀 ,
either for the uplink or downlink.

For the downlink, spatial multiplexing is utilized, via the
use of MRT. Once the decision is taken on the UL NC data
symbols, the channel can be estimated following [3, Eq. (21)].
First, we create the differential symbols from the detected ones
as 𝑥𝑘𝑛 = 𝑥𝑘

𝑛−1𝑠
𝑘
𝑛, where 𝑥𝑘0 is known a priori in the receiver.

Then, the LS criterion is applied to estimate the channel as

ĥ𝑘𝑛 =
y𝑘𝑛
𝑥𝑘𝑛

= h𝑘𝑛
𝑥𝑘𝑛

𝑥𝑘𝑛
+ 𝝂𝑘𝑛
𝑥𝑘𝑛
, (10)

where there is no noise enhancement since |𝑥𝑘𝑛 | = 1. A
maximum length in the uplink stream of each user is defined
so that the probability that an erroneous detection (𝑥𝑘𝑛 ≠ 𝑥𝑘𝑛)
in some of the uplink NC symbols affecting the data detection
process is controlled. For this purpose, 𝐾𝑝 is defined as the
length of the differential data in the UL used for channel
estimation before a new stream starting with a reference pilot
is inserted, as defined in [3]. With this estimated channel, the
DL is precoded following (3).

The frequency of the needed channel estimation is related
to the link adaptation problem [16], [17], which is not broadly
discussed in this paper. A first approximation is to perform the
estimation at least once every coherence time period, and this
is supported by the numerical results in Sec. IV.

III. ANALYSIS OF CHANNEL ESTIMATION AND ERROR
PROBABILITY

In this section, we first characterize the effect of time
correlated channels on the mean square error (MSE) of the
channel estimation, which depends on the symbol error rate
(SER) of the differentially encoded symbol in the UL [3] and
the time variability, which was not analyzed in [3]. The main
difference with the cited work in this regard comes from the
fact that now we are considering channel time variability, so
the estimated channel will be used in another time instant 𝑛′

different from the one where the channel has been estimated.
Second, we characterize the symbol-error-rate (SER) of the
differentially encoded symbol of the DL of each user.

A. Mean square error of the channel estimation

An additional error term in the channel estimation is pro-
duced by a possible mismatch between transmitted and recon-
structed differential symbols. This error was characterized in
[3], without considering channel time variability, so following
the same approach, we calculate the MSE of the channel
estimation in the UL of a NC stream, now considering channel
time variability. The estimated channel will be used in another
time instant 𝑛′ different from the one where the channel
has been estimated. Hence, the channel estimation error is
composed of two independent components as shown below

𝑒2
𝑑 = E

{��ĥ𝑘𝑛 − h𝑘𝑛+𝑑
��2} = 𝜎2

𝑥,𝑑 + 𝜎
2
𝜈,𝑢, (11)

where 𝜎2
𝑥,𝑑

is the channel estimation error that comes from
compensation and estimation in different time instants with
a possible mismatch between transmitted and reconstructed
differential symbol. We compute

𝜎2
𝑥,𝑑 = E

{����h𝑘𝑛 𝑥𝑘𝑛
𝑥𝑘𝑛

− h𝑘𝑛+𝑑

����2} = E

{����h𝑘𝑛 𝑥𝑘𝑛
𝑥𝑘𝑛

− 𝛼𝑑h𝑘𝑛 − wℎ𝑑

����2} =

= E

{��h𝑘𝑛��2 ����𝑥𝑘𝑛
𝑥𝑘𝑛

− 𝛼𝑑
����2 + ��wℎ𝑑 ��2} = E

{����𝑥𝑘𝑛
𝑥𝑘𝑛

− 𝛼𝑑
����2} + 𝜎2

𝑤 ,

(12)

where E
{��h𝑘𝑛��2} = 1 since the channel is normalized,

��h𝑘𝑛��2
is uncorrelated and independent of

��𝑥𝑘𝑛/𝑥𝑘𝑛 − 𝛼𝑑 − wℎ
𝑑

��2 and
𝑥𝑘𝑛/𝑥𝑘𝑛 − 𝛼𝑑 and wℎ

𝑑
are uncorrelated and independent. In this

case, 𝜎2
𝑤 = (1 − 𝛼2

𝑑
), since the power of (1) is normalized.

Developing the first term of the last part of (12), we have

E

{����𝑥𝑘𝑛
𝑥𝑘𝑛

− 𝛼𝑑
����2} = E

{����𝑥𝑘𝑛
𝑥𝑘𝑛

����2 − 2𝛼𝑑ℜ
{
𝑥𝑘𝑛

𝑥𝑘𝑛

}
+ 𝛼2

𝑑

}
= 1 + 𝛼2

𝑑 − 2𝛼𝑑E
{
cos

(
∠(𝑥𝑘𝑛) − ∠(𝑥𝑘𝑛)

)}
.

(13)

We define 𝛽𝑘𝑛 = E{cos ∠(𝑥𝑘𝑛) − ∠(𝑥𝑘𝑛)} and by following the
same approach as that of [3, Appendix B] (omitted here for
the sake of conciseness), we can define

𝛽𝑘𝑛 ≈
{ 1, 𝑃𝑘𝑛 = 0

1−𝑃𝑘𝑛−(1−𝑃𝑘𝑛 )𝐾𝑝
(𝐾𝑝−1)𝑃𝑘𝑛

, 0 < 𝑃𝑘𝑛 ≤ 1
, (14)

that will serve as an upper bound (UB) for 𝑒2
𝑑

, as stated in [3,
Appendix B], and we can write 𝜎2

𝑥,𝑑
and 𝑒2

𝑑
as

𝜎2
𝑥,𝑑 = 1 + 𝛼2

𝑑 − 2𝛼𝑑𝛽𝑘𝑛 + 1 − 𝛼2
𝑑 = 2(1 − 𝛼𝑑𝛽𝑘𝑛), (15)

𝑒2
𝑑 = E

{��ĥ𝑘𝑛 − h𝑘𝑛′
��2} = 2(1 − 𝛼𝑑𝛽𝑘𝑛) + 𝜎2

𝜈,𝑢. (16)

Analyzing (16), it can be seen that in case either 𝛼𝑑 or 𝛽𝑘𝑛 is
zero, the channel error estimation is the highest, while both
need to be 1 to avoid any increment in the channel estimation
error, with respect to the classical estimation with pilots.



B. SER of the received symbol in the DL

In order to analyze the effect of an imperfectly estimated
channel in the SER of the DL, we extend (4) following the
definition in (5) as

[H𝑘
𝑛]𝑢,∀[B𝑘𝑛]∀,𝑢′ = [H𝑘

𝑛]𝑢,∀
(√︃

1 − 𝑒2
𝑑
[H𝑘

𝑛]𝑢′,∀ + H𝑘
𝑒

)𝐻
=

√︃
1 − 𝑒2

𝑑
[H𝑘

𝑛]𝑢,∀[H𝑘
𝑛]𝐻𝑢′,∀ + [H𝑘

𝑛]𝑢,∀(H𝑘
𝑒 )𝐻 ,

(17)

and [x𝑘𝑛]𝑢 is just a phase rotation. Thus, following the proper-
ties of the product of normal variables [18] and the properties
of VG distributions [19], [20], we have that√︃

1 − 𝑒2
𝑑
[H𝑘

𝑛]𝑢,∀[H𝑘
𝑛]𝐻𝑢,∀ ∼ N

(
𝑅

√︃
1 − 𝑒2

𝑑
, 𝑅(1 − 𝑒2

𝑑)
)
, (18)√︃

1 − 𝑒2
𝑑
[H𝑘

𝑛]𝑢,∀[H𝑘
𝑛]𝐻𝑢′,∀ ∼ CN

(
0, 𝑅(1 − 𝑒2

𝑑)
)
, (19)

[H𝑘
𝑛]𝑢′,∀( [H𝑘

𝑒 ])𝐻 ∼ CN
(
0, 𝑅𝑒2

𝑑

)
. (20)

We define a useful component (UF) of the received signal

UF𝑢𝑛 =
(√︃

1 − 𝑒2
𝑑
[H𝑘

𝑛]𝑢,∀[H𝑘
𝑛]𝐻𝑢,∀

)
[x𝑘𝑛]𝑢 (21)

and the rest of the terms of (4) are defined as non-useful (NUF)
terms. Using the properties of the product of normal variables
and the properties of VG distributions, the distribution of UF𝑢𝑛
is defined as (18). The distribution of NUF𝑢𝑛 is composed of
the sum of several complex circularly symmetric Gaussian
variables, including (20) from the desired user and 𝑈 − 1 of
(19) and (20) from the interfering users over the desired user.
Since [x𝑘𝑛]𝑢′ only rotates the distributions, NUF𝑢𝑛 is

NUF𝑢𝑛 ∼ CN
(
0, 𝑅(𝑈 + 𝑒2

𝑑 − 1) + 𝜎2
𝑛,𝑘

)
. (22)

Assuming [x𝑘𝑛]𝑢 = 1 without loss of generality1, we have
ℜ{[y𝑘𝑛]𝑢} ∼ 𝜇ℜ + N

(
0, 𝜎2

ℜ

)
and ℑ{[y𝑘𝑛]𝑢} ∼ N

(
𝜇ℑ, 𝜎

2
ℑ

)
, so

ℜ{[y𝑘𝑛]𝑢} ∼ 𝑅
√︃

1 − 𝑒2
𝑑
+ N

(
0,
𝑅(𝑈 − 𝑒2

𝑑
+ 1) + 𝜎2

𝑛,𝑘

2

)
(23)

ℑ{[y𝑘𝑛]𝑢} ∼ N
(
0,
𝑅(𝑈 + 𝑒2

𝑑
− 1) + 𝜎2

𝑛,𝑘

2

)
. (24)

The differential decoding performed in reception for the
received signal at each user (7) results in the product of
complex normally distributed variables, where in order to find
the distribution of the received symbol, we have to consider
the product of two complex variables 𝑥 = 𝑎+ 𝑗 𝑏 and 𝑦 = 𝑐+ 𝑗 𝑑,
so the product (𝑥)∗𝑦 = (𝑎𝑐 + 𝑏𝑑) + 𝑗 (𝑎𝑑 − 𝑏𝑐). Using again
the properties of the product of normal variables and VG
distributions, we have that

ℜ{[z𝑘𝑛]𝑢} = ℜ{[y𝑘𝑛−1]𝑢}ℜ{[y𝑘𝑛]𝑢} + ℑ{[y𝑘𝑛−1]𝑢}ℑ{[y
𝑘
𝑛]𝑢},

(25)

1The error is computed for [x𝑘𝑛 ]𝑢 = 1 for simplicity but is the same for
the rest of the symbols.

ℑ{[z𝑘𝑛]𝑢} = ℜ{[y𝑘𝑛−1]𝑢}ℑ{[y
𝑘
𝑛]𝑢} − ℑ{[y𝑘𝑛−1]𝑢}ℜ{[y𝑘𝑛]𝑢}.

(26)
Thus, the first term of (25) is composed of three terms as

ℜ1{[z𝑘𝑛]𝑢} = 𝑅2 (1 − 𝑒2
𝑑), (27)

ℜ2{[z𝑘𝑛]𝑢} ∼ 𝑅
√︃

1 − 𝑒2
𝑑
N

(
0, 2𝜎2

ℜ

)
, (28)

ℜ3{[z𝑘𝑛]𝑢} ∼ 𝑉𝐺
(
1, 0, 𝜎2

ℜ
, 0

)
, (29)

while the second term of (25) is distributed as

ℑ{[y𝑘𝑛−1]𝑢}ℑ{[y
𝑘
𝑛]𝑢} ∼ 𝑉𝐺

(
1, 0, 𝜎2

ℑ
, 0

)
. (30)

Each term of (26) is composed of two terms, them being

ℑ1{[z𝑘𝑛]𝑢} = 𝑅
√︃

1 − 𝑒2
𝑑
N

(
0, 𝜎2

ℑ

)
, (31)

ℑ2{[z𝑘𝑛]𝑢} ∼ 𝑉𝐺 (1, 0, 𝜎ℜ𝜎ℑ, 0) . (32)

The VG distributions can be approximated to normal dis-
tributions as 𝑉𝐺

(
1, 0, 𝜎2

ℜ
, 0

)
≈ N

(
0, 𝜎4

ℜ

)
, 𝑉𝐺

(
1, 0, 𝜎2

ℑ
, 0

)
≈

N
(
0, 𝜎4

ℑ

)
and 𝑉𝐺 (1, 0, 𝜎ℜ𝜎ℑ, 0) ≈ N

(
0, 𝜎2

ℜ
𝜎2
ℑ

)
.

Summarizing, the distributions for [s𝑘𝑛]𝑢 = 1 are the
following ℜ{[z𝑘𝑛]𝑢} ∼ N

(
𝜇ℜ{𝑧𝑑 }, 𝜎

2
ℜ{𝑧𝑑 }

)
, ℑ{[z𝑘𝑛]𝑢} ∼

N
(
𝜇ℑ{𝑧𝑑 }, 𝜎

2
ℑ{𝑧𝑑 }

)
and defined as

ℜ{[z𝑘𝑛]𝑢} ∼ N
(
𝑅2 (1 − 𝑒2

𝑑), 2𝑅
2 (1 − 𝑒2

𝑑)𝜎
2
ℜ
+ 𝜎4

ℜ
+ 𝜎4

ℑ

)
,

(33)
ℑ{[z𝑘𝑛]𝑢} ∼ N

(
0, 2𝜎2

ℑ

(
𝑅2 (1 − 𝑒2

𝑑) + 𝜎
2
ℜ

))
, (34)

so the SER for the DL of user 𝑢 can be computed following
the approach in [3, Appendix A] as

𝑃𝑘𝑛 ≈ 1 −

∫ 𝜋/𝑀
−𝜋/𝑀

∫ ∞
0 𝑒

−
(
𝑟 cos(𝛾)−𝜇ℜ{𝑧𝑑 }√

2𝜎ℜ{𝑧𝑑 }

)2

𝑒
−
(
𝑟 sin(𝛾)−𝜇ℑ{𝑧𝑑 }√

2𝜎ℑ{𝑧𝑑 }

)2

𝑟𝑑𝑟𝑑𝛾

2𝜋𝜎ℜ{𝑧𝑑 }𝜎ℑ{𝑧𝑑 }
.

(35)

IV. NUMERICAL RESULTS

In order to compare the classical coherent scheme and the
proposed pilot-less scheme, we will use the SER. Since the
overhead is different in them, for a fair comparison we will
ensure the same spectral efficiency in both systems. For such
purpose, different constellation sizes are used. For instance, in
a TDD slot of 4 OFDM symbols, where 2 are used for the
uplink and the other 2 for the downlink, half of the OFDM
symbols should be used for pilots (one for uplink and another
one for downlink). In this case, for a fair comparison, the size
of the constellation used in the coherent scheme should be the
square of that used in the non-coherent scheme. Furthermore,
the proposed pilot-less scheme can work with a coherence time
of 3 symbol slots (1.5 TDD slots), as shown in Fig. 1, while
the classical scheme is more restrictive and needs at least 4
symbols.

In this section, we first validate the theoretical analysis
previously shown in Sec. III and afterwards we compare the
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Fig. 2. MSE of channel estimation for 𝑀𝑈𝐿 = 16 and 𝑅 = 100. Continuous
line corresponds to the Monte Carlo simulation while dashed line corresponds
to the theoretical upper bound. Blue line represents the PSAM without channel
time variability, which is the best case.

classical scheme with the proposed scheme in a deployment
scenario with ideal conditions. Unless otherwise stated, 𝑅 =

100, 𝑀𝑢 = 𝑀𝑑 = 4. The SNR in the simulations is defined as
the inverse of the noise power.

A. Corroboration of the theoretical analysis

It can be seen in Fig. 2, that the theoretical analysis for the
channel estimation fits well with the Monte Carlo simulations,
with the theoretical results being an upper bound of the
simulations. The lower bound is given by the performance
of the PSAM with a pilot in every coherence time, that is,
without any degradation due to time variability (at the expense
of a large pilot overhead). It can be observed that a correlation
𝛼𝑑 caused by time difference between the estimated channel
and the real one results in a MSE floor, caused by the time
variability of the channel. When there is no time variability, the
MSE is affected only by the error probability in the detection
of (7) via (14). Last but not least, the case of PSAM with time
variability is shown, were it can be seen that it is below the
proposed channel estimation with channel time variability, but
is equal to it for high SNR.

In Fig. 3, we can see the histogram and the theoretical PDFs
for the real and imaginary parts of the received symbol when
[z𝑘𝑑𝑛 ]𝑢 = 1. A very good agreement can be seen for both cases,
but for the real part, since more approximations were made,
the agreement is slightly worse. This fact directly affects the
accuracy of the SER performance for the DL of the proposed
scheme, which is shown in Fig. 4. The theoretical SER (labeled
’TH’ in the legend) is very similar to that of the Monte Carlo
simulations even though there are little discrepancies, due to
the left tail of the distribution of the real part.

Fig. 3. Monte Carlo histogram (blue) versus theoretical PDF (red) of the real
(left) and imaginary (right) part of [s𝑘𝑑𝑛 ]𝑢 = 1 for 𝑅 = 100, 𝑀𝑈𝐿 = 4 and
𝑒𝑑 = 0.5.
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Fig. 4. DL performance with different 𝑈 and 𝑒𝑑 for the proposed scheme
for 𝑀𝐷𝐿 = 8 and 𝑅 = 200. Continuous line corresponds to the Monte Carlo
simulation while dashed line corresponds to the theoretical upper bound.

B. Comparison with a classical pilot assisted system

The classical and the proposed schemes are compared with
Monte Carlo simulations. The coherence time 𝑛𝑐 is defined in
number of OFDM symbols of the TDD scheme, according to
the frame shown in Fig. 1, and the values of 2, 3 and 10 are
considered in Fig. 5. The number of symbols in a TDD slot
period for the UL 𝜏𝑢 and the DL 𝜏𝑑 are set to 1 and 2 to see
the dependence with this parameter, and the constellation size
in the DL 𝑀𝑑 to 4 and 16. An SNR sufficiently large to avoid
any errors is used in the UL and 𝑈 = 2 are considered. The
classical (coherent) and the proposed (non-coherent) schemes
are referred in Fig. 5 as C and N, respectively.

It can be observed how, for large 𝑛𝑐 (10 in Fig. 5),
the scheme C is approximately the same as the scheme N,
which reinforces the validity of the proposed scheme even
for large 𝑛𝑐. For very fast varying channels (𝑛𝑐 = 2), the
latter outperforms the former for the same spectral efficiency.
More concretely, for 𝜏𝑢 = 𝜏𝑑 = 2, the scheme C utilizes one
symbol pilot while the scheme N does not. Thus, the scheme
C transmits a 16-QAM while the scheme N transmits a QPSK.
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Fig. 5. Comparison between classical (C, dashed) and proposed (N, continu-
ous) schemes, labelled from left to right with 𝑛𝑐 , 𝑀𝑑 , 𝜏𝑢 = 𝜏𝑑 , for 𝑅 = 100.

For both schemes transmitting a QPSK (scheme C with a lower
spectral efficiency than scheme N) and for 𝑛𝑐 = 3, scheme N
outperforms scheme C, which reinforces our proposal. In fact,
scheme N can go down to 𝜏𝑢 = 𝜏𝑑 = 1, while C cannot since
then, only pilots would be sent both in UL and DL. This is
an advantage for the proposed scheme N which can work in
extremely fast varying channels. As a clarification example,
in a 5G system with carrier frequency 𝑓𝑐 = 3.6GHz, carrier
spacing Δ 𝑓 = 30KHz at a speed of 500km/h, the coherence
time is 𝑛𝑐 = 2.8 OFDM symbols.

V. CONCLUSIONS

In this work, we propose a pilot-less massive MIMO TDD
scheme where the UL data is detected via non-coherent
processing, the channel is estimated using the data received
in the UL and the data of several users in the DL is precoded
to spatially separate them. To avoid the use of pilots in both
the UL and DL, differential PSK is utilized. The MSE of the
channel estimation for time-varying channels and the perfor-
mance of the DL using precoding and differential encoding
are characterized and validated with numerical simulations.
The proposed pilot-less TDD scheme is compared with its
coherent PSAM counterpart and it is shown that it largely
outperforms it when the coherence time is very small, which
is exemplified to be realistic in the context of 5G.
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