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Abstract—This paper introduces receiver metrics for joint
estimation and detection in short block length channels, empha-
sizing enhanced performance for advanced receivers, especially
in scenarios with unknown channel state information and low
training dimension density. Utilizing a complete 5G transceiver
chain for Polar and LDPC coded transmissions paired with
QPSK modulation, we analyze interleaved reference signals and
data over a small number of OFDM symbols, preventing near-
perfect channel estimation. Suited for mini-slot transmissions in
ultra-reliable, low-latency communications, our evaluation covers
up to SIMO and SU-MIMO transmission configurations over
Rayleigh block fading and Line-Of-Sight channels. Results show
that, with detection windows of about four modulated symbols,
the proposed BICM metrics achieve detection performance that
is close to that of a coherent receiver with perfect channel state
information for both polar and LDPC coded configurations.

Index Terms—Coded Modulation metrics, 5G NR Polar code,
5G NR LDPC code, Unknown Channel State Information, Joint
Estimation and Detection.

I. INTRODUCTION

The 6G air interface is expected to build on the ideas
established by the 5G standard, stressing novel paradigms in
receiver algorithm design for short data transmission. Although
5G transmission formats enable very short-packet transmission
through mini-slots, the ratio of training information to data
may not be optimally configured for extremely brief data
transmission. Additionally, the existing transmission formats
are tailored for traditional quasi-coherent receivers, which
may prove suboptimal in scenarios where accurate channel
estimation is unattainable due to sporadic transmission of short
packets. This challenge is particularly evident in cases with
stringent decoding latency constraints, such as those arising in
ultra-reliable-low-latency communication (URLLC) industrial
IoT applications. The salience of advanced receiver design is
particularly pronounced in scenarios characterized by error-
prone communication channels, demanding a heightened level
of reliability. Its efficacy depends on detection and decod-
ing metrics, requiring a delicate balance between enhanced
performance and low complexity.

Furthermore, there is a wealth of literature on bit-interleaved
coded modulation (BICM) receivers from various perspectives
demonstrating their potential impact and importance in wireless
communication. We express a specific interest in BICM
multiple-input multiple-output (MIMO) receivers, underscoring
a focused inquiry into this area. In the early 21st century,
noteworthy advancements were put forth in the design of
maximum likelihood receivers tailored for MIMO systems
[1]–[3]. Afterwards, numerous research inquiries have been
directed towards the design of low-complexity receivers for

BICM MIMO, with a particular focus on low-dimensional and
high-dimensional MIMO systems, but primarily restricted to
coherent communication. More recently, particular attention
has been paid to machine-learning-based MIMO receiver
designs [4], [5]. Upon revisiting the core of this investigation,
namely the transmission of short packets, it becomes apparent
that this area has attracted noteworthy scholarly interest in
recent years. Considerable research efforts have been dedicated
to various facets, including the design of signal codes [6],
enhanced receiver algorithms [7]–[12], as well as establishing
state-of-the-art converse and achievability bounds for coherent
and non-coherent communications [13]–[15].

This work stands out from prior literature by introducing
a novel BICM receiver design within the imperfect channel
state information (CSI) scenario, aiming to assess the impact
of various channel conditions. Hence, we present enhanced
receiver metrics for short data in the range of 20-100 bits for
the envisaged beyond 5G/6G signaling scenarios by evaluating
their performance over 5G short block channels, utilizing
polar and low-density parity-check (LDPC) coded formats.
We look into receiver metrics exploiting joint estimation and
detection (JED) which is amenable to situations where low-
density demodulation reference signals (DMRS) are interleaved
with coded data symbols. We specifically address situations
where accurate channel estimation is impossible, demonstrating
that a well-conceived metric exploiting interleaved DMRS
in the detection metric computation achieves performance
comparable to a receiver with perfect channel state information.
Remarkably, this approach demonstrates substantial perfor-
mance gains when compared to conventional 5G orthogonal
frequency division multiplexing (OFDM) receivers applicable
to both uplink and downlink transmission scenarios. The
proposed scheme performs detection over contiguous groups
of modulated symbols including those from the DMRS to
provide soft metrics for the bits in each set to the channel
decoder. Explicitly, our main proposal consists in the non-
coherent metric design/use in which channel estimation based
on averaging/smoothing over the number of dimensions
exhibiting channel coherence, constitutes a part of the metric
for generating the log likelihood ratio (LLR) outputs.

Our contributions span the following principal avenues.
Initially, we introduce BICM receiver metrics to accommodate
the challenges posed by block fading channels, particularly
within a (NR × NT) single-user MIMO system.
In the second phase, we proposed BICM metrics designed for a
(NR×2) SU-MIMO configuration, specifically tailored for line-
of-sight channels. Lastly, we employ a new joint estimation



and detection approach suitable for the proposed innovative
receiver architectures, resulting in a notable enhancement in
overall performance.

The article is structured as follows. Section II presents the
system model, and foundations of 5G polar and 5G LDPC
coded modulations. Section III highlights the proposed receiver
metrics, Section IV presents results and performance analysis,
and Section V concludes the paper.

Notation : Scalars are denoted by italic letters, vectors
and matrices are denoted by bold-face lower-case and upper-
case letters, respectively. For a complex-valued vector x, ||x||
denotes its Euclidean norm, | · | denotes the absolute value. ∠
denotes the angle value. ∥ · ∥F is the Frobenius norm of matrix.
tr{·} denotes the trace of matrix. E{·} denotes the statistical
expectation. Re(·) denotes the real part of a complex number.
I0(·) is the zero-th order modified Bessel function of the
first kind. I is an identity matrix with appropriate dimensions.
x ∈ χj

b = {x : ej = b} is the subset of symbols {x} for which
the j− th bit of the label e is equal to b = {0, 1}. The number
of bits required to a symbol is denoted by m ≜ log2 (M).
The cardinality of χ is given by M ≜ |χ|. Λj (·) denotes
log likelihood ratio, with j = 1, 2, . . . ,m. The superscript †

denotes the complex conjugate transpose or Hermitian.

II. SYSTEMS DESIGN AND FOUNDATIONS

A. System Model

Consider a SU-MIMO transmission model featuring multiple
antenna elements in both transmitter and receiver arrays. The
system’s dimensions are defined by parameters NR×NT, where
NT and NR denote the numbers of antennas in the transmitter
and receiver arrays, respectively.We assume no inter-symbol
interference (ISI) and consider a time-invariant configuration,
making it feasible to use the standard base-band complex-
valued representation. Let hi,j represent the complex-valued
path gain, serving as the fading coefficient from transmit
antenna j to receive antenna i. At any given time instance when
the complex-valued signals {x1, x2, . . . , xNT

} are transmitted
through the NT respective antennas. The received signal y
belongs to the complex vector space C1×NT while the received
signal y belongs to the complex vector space C1×NR . The
additive white Gaussian noise z belongs to the complex vector
space C1×NR with independent real and imaginary components,
each having a variance of σ2 in every dimension, and the
channel matrix is denoted by H ∈ CNR×NT . The MIMO
channel model is succinctly expressed as

y = xH+ z. (1)

However, the system model described in (1), which represents
transmission within a single symbol interval, can be extended
to accommodate the transmission of several consecutive vectors
{x1,x2, . . . ,xN} over the channel. Here, N denotes the
total number of symbol intervals utilized for transmission.
For the sake of clarity, we employ a matrix framework.
As a result, we organize the transmitted, received, and
noise vectors into matrices, X = [x1,x2, . . . ,xN ]

T
, Y =

[y1,y2, . . . ,yN ]
T
, Z = [z1, z2, . . . , zN ]

T, respectively. The
elements within the matrix H represent the complex-valued
channel gains between each transmit and receive antenna.

Phrased directly, the transmitted signal xj typically consists
of data-dependent x(d)

j and data-independent x(p)
j components

known as pilot or reference signals. The reference signals
are used to mitigate channel ambiguity in time, frequency,
and space. Specifically, they are employed to estimate the
channel matrix H. In practice, the reference signals are
commonly interleaved among the data-dependent components.
The number of data dimensions is denoted by Nd, and the
number of reference signal dimensions is denoted by Np,
where Nd +Np = N .

B. Bit-Interleaved Polar/LDPC-coded Modulation

Bit-Interleaved Polar Coded Modulation is referred to as
BIPCM in this paper and makes use of CRC-aided Polar (CA-
Polar) codes, one of the basic code construction techniques
established by the 3GPP Standard [16]. In addition, Bit-
Interleaved LDPC Coded Modulation is referred to as BILCM.
The overall representation of the BIPCM/BILCM schematic
is shown in Figure 1. This figure depicts the transmit-end
procedure for uplink channels over a (NR × NT) point-to-
point MIMO System. In both scenarios, the encoded payload
undergoes rate-matching and code block concatenation prior
to being fed to a QPSK modulator. This process yields a
set of complex-valued modulation symbols. Subsequently,
the resource allocation process is executed, wherein one or
multiple OFDM symbols are utilized to allocate the modulated
symbols to resource blocks and insert the DMRS resources. As
illustrated in Figure 1, the resource mapping here is embedded
in the same spirit as in a 3GPP physical uplink control channel
(PUCCH) format 2 transmission [17].

It is pertinent to highlight that MIMO systems must consider
how pilot symbols are spread out in the spatial dimension, in
addition to the time and/or frequency dimensions. Specifically,
training symbol transmission must be carried out in such a
way that interference is prevented, thus ensuring accurate
channel estimation. The most straightforward fashion for
interleaving pilot symbols and data is arguably through time
and/or frequency insertion, although other approaches such as
superposition or code-division multiplexing are also possible
[18]. In addition, for a block fading instance, at least NT pilot
symbols must be inserted into each coherence block, one per
antenna, with Np ≥ NT pilot symbols per coherence block
[19]. Furthermore, frequency orthogonality seems to have more
merit and is particularly well suited to OFDM-type systems.

C. Perfect Channel State Information

The channel matrix H is assumed to be perfectly known at
the receiver. The likelihood function or conditional probability
density is approximately given by:

p (Y|X,H) ∝ exp
(

2
N0

Re
(
tr
{
YH†X†})− 1

N0
∥XH∥2F

)
. (2)

The LLR bit metric for the j − th bit in BICM receiver
by taking the corresponding max-log approximation (i.e.,
log
∑

i exp(−λi) ≈ −min(λi)) of metric is shown to be

Λj (Y) = max
X∈χj

0

1

N0

(
2Re

(
tr
{
YH†X†})− ∥XH∥2F

)

− max
X ∈ χj

1

1

N0

(
2Re

(
tr
{
YH†X†})− ∥XH∥2F

)
.

(3)
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I. INTRODUCTION

A. General Framework

1) Modulation and Resource Mapping:
In both scenarios, the encoded payload undergoes rate-
matching and block concatenation prior to being fed to a
QPSK modulator. This process yields a set of complex-valued
modulation symbols. Subsequently, the resource allocation
process is executed, where one or multiple OFDM symbols are
used to allocate the modulated symbols to resource blocks and
insert the DMRS resources. The number of resource blocks is
determined by the payload size and coding settings. When
the payload size is small, fewer resource blocks are required,
thereby maintaining a constant effective coding rate. The re-
source mapping process depicted in Figure 1 follows a similar
approach to the resource mapping used in 3GPP PUCCH2
transmission. This ensures compatibility and coherence with
existing communication systems.

OFDM Symbols in a slot
Subcarriers
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R
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DATA DMRS

Fig. 1. General resource mapping: 1 OFDM symbol.

2) Spatial Pilot Allocation Procedures:
Il convient dee souligner que les systems MIMO doivent
tenir compte la façon font les symboles pilot sont alloué
dans la dimension spatiale een plus de celle temporelle et/ou
frequentielle. En effet les symbolee d’entrainement doiveent
eetre transmis sans interferer les uns avec les autres pour une
estimer avec precision les information sur l’etat du canal.

Tenant compte des methoded’allocation de pilot exploitant
l’orthogonailté frequentielle, l’orthogonalité temporelle, signal
orthogonalité(i.e;, la maniere dont les sequencees ont été
concues est basé sur une orthoganité mutuelle en l’utisant
des seequences Zadoff-Chu). La manière la plus simple de
mélanger les symboles pilotes constituant ces séquences pilot
avec les données est sans doute l’insertion dans le temps
et/ou la fréquence, bien que d’autres approches telles que
la superposition ou le multiplexage par répartition en code
soient possibles [40]. Under block fading, at least NT pilot
symbols must be inserted within each coherence block, one per
antenna, with Np � NT pilot symbols per block [39]. Largee-
ment adopté dans lees norme de communication eemeergent
actuelle, l’orthonagiyé frequentieelle semeble avoir plus dee
merite et est particulierement adapté au systeems de type
OFDM.

Dans cette etude, l’orthoganité frequentielle est de mise car
permettant de transmettre les symboles pilot simultanémeent
tout en evitant l’interference au niveau du recepteeur car les
symbole pilotes sont defacto mappés sur different frequence
porteuse ou subscariers que nous tacherons de d’illustrer sur
la figure

EEn outre, si nous devons veilleer à assume une certaine
orthogonalité entre les sequence d’entrainnement, il nous faut
par consequent analyser la capacité spatial en terme demention
MIMO d’antenne emettrice etre possible en fonction de la
deensité de PRB par block de coherence en l’occurrence
cic sur un PRB. Nous nous baserons sur le genral resource
mapping dans le lequel les donnéé et les pilot ne sont transmis
conjointement que sur un seule symbole OFDM commun.

(a) 4 DMRS/PRB werein for every 3 consecutive symboles,
one symbole belongs to DMRS. The number of possible

frequency orthogonality layers , noted by NL
? =

✓
3

1

◆
.

Avec ce resourcee mapping, on assurer l’orthogonalité en
frequence jusqu’a 3 couches, donc le nombre d’antenne
emettrices NT  3

(b) 3 DMRS/PRB werein for every 4 consecutive symboles

or REs, one symbole belongs to DMRS, then NL
? =

✓
4

1

◆

orthogoanl frequency orthogonality layers, NT  4
(c) 2 DMRS/PRB werein for every 6 consecutive symboles
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sure BLER after decoding. Hence, the entire transport block
is used to calculate CRC parity bits. Assume that the transport
message before CRC attachment is a(0), a(1), . . . , a(A � 1),
where A is the size of the transport block message. Parity bits
are p(0), p(1), . . . , p(L� 1), where L is the number of parity
bits. if A > 3824, L is 24, otherwise L is 16 is used. he
message bits after attaching CRC are b(1), b(2), . . . , b(B), B
is the size of transport block information with CRC bits and
B = A+L. LDPC base graph is selected based on the size of
transport block message A and transport block coding rate R.
If A  292 ,or if A  3824 and R  0.67 , or if R  0.25,
LDPC BG2 is used. Otherwise, LDPC BG1 is used [20].
The output of code block segmentation + CRC attachment is
cr(1), cr(2), . . . , cr(Kr), assuming Kr = K 0

r + L, where K 0

is the number of bits in r � th code block , L is attached
CRC on the r � th Code block. Thus, each code block
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sequence is represented as c = [c(0), c(1), . . . , c(Kr � 1)]T ,
where Kr is the number of information bits in a code block,
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w = [w(0), w(1), . . . , w(N + 2Zc � Kr + 1)]T .The LDPC-
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1) Find the set with index iLS which contains Zc in [20].
2) Set dk�2Zc = ck, 8k = 2Zc, . . . , Kr � 1
3) Generate NR + 2Zc � Ki parity bits w =

[w(0), w(1), . . . , w(N + 2Zc � Kr + 1)]T such
that H ⇥ [c w]

T
= 0

4) The encoding is performed in F2.
5) Set dk�2Zc = wk�Kr , 8k = Kr, . . . , Nr + 2Zc � 1

Thus, rate matching and code block concatenation processes
proceed. The receiving chain serves as the inverse counterpart
of the transmitting chain. The decoding of Low-Density Parity-
Check (LDPC) codes is carried out on each code block
individually, and a range of decoding techniques can be
implemented. Among these, belief propagation (BP) methods,
which rely on iterative exchange of messages between bit
nodes and check nodes, are the most commonly utilized
for LDPC decoding. Although the BP method presents a
considerable computational complexity, it offers near-optimal
decoding performance [31]. To achieve a better trade-off
between performance and complexity, several effective de-
coding algorithms have been proposed in scientific literature.
Among these algorithms, layered message passing decoding
appears to be a promising approach for ultra-reliable low-
latency communication (URLLC) due to its ability to speed
up convergence time. Therefore, it is deemed suitable for
investigation in the current study. The subsequent principle
may be used to illustrate the layered decoding principle as
described in the work of WANG [32] :

• Each layer independently processes variable node opera-
tions and checks node operations.

• Current layer’s input LLR is the prior layer’s output LLR.
• The output LLR of the decoding algorithm, which is the

output LLR of the last layer, will be used to make the
decision.

• The input LLR of the current layer can be updated
according to the equation Lk+1,i = Lk,i �Lk+1,i0 where
Lk+1,i is the updated input LLR of layer k + 1, Lk,i is
the output LLR of previous layer Lk+1,i0 and is the old
input LLR of layer k + 1.

3) Modulation and Resource Mapping:
In both scenarios, the encoded payload undergoes rate-
matching and block concatenation prior to being fed
to a QPSK modulator. This process yields a set of
complex-valued modulation symbols, represented as
x(0), x(1), . . . , x (Nd/2 � 1). Subsequently, the resource
allocation process is executed, wherein one or multiple
OFDM symbols are utilized to allocate the modulated
symbols to resource blocks and insert the DMRS resources.
The number of resource blocks is governed by the payload
size and coding settings. When the payload size is small,
fewer resource blocks are required, thus maintaining a
constant effective coding rate. As illustrated in Figure 2, the
resource mapping here is embedded in the same spirit as in a
3GPP PUCCH2 transmission.
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III. BICM RECEIVERS

A. SU-SIMO Scenarios (NR ⇥ 1)

1) Perfect Channel State Information:
In the instance of perfect channel state information, the set of
observed random vectors needs to be augmented by the set of
channel vectors {hi} in equations (8-9).

The likelihood function is
q (x, {yi,hi}) = p ({yi,hi} | x) =

p ({yi} | x,hi) p ({hi} | x)
(5)

If the transmitted signal x is independent of the channel
realization {hi}, the term P ({hi} | x) in (5) can be dropped

1

Novel BICM Receiver Algorithm Designs for Ultra-
Reliable Low-Latency Short Data Communications

Mody Sy Member, IEEE and Raymond Knopp Fellow, IEEE

Abstract—This paper presents BICM metrics for joint esti-
mation and detection in short blocklength channels, addressing
scenarios with unknown channel state information and low train-
ing dimension density. Leveraging a complete 5G transmitter-
receiver setup with Polar and LDPC coded transmissions, we
focus on interleaved reference signals and data over a limited
OFDM symbol set, suitable for mini-slot transmissions in ultra-
reliable, low-latency communications and short packet random
access use cases Performance evaluation spans SIMO and SU-
MIMO configurations, emphasizing the efficacy of BICM de-
tection in realistic base station receiver scenarios. Our findings
indicate that BICM metrics, using four-symbol detection win-
dows, achieve detection performance akin to coherent receivers
with perfect channel state information for both polar and LDPC
coded configurations.

Index Terms—Bit-Interleaved Coded Modulation, 5G NR Polar
code, 5G NR LDPC Code, 5G NR Physical Uplink Channels,
Short Data Transmission, Unknown Channel State Information,
Joint Estimation and Detection.

I. INTRODUCTION

A. General Framework

1) Modulation and Resource Mapping:
In both scenarios, the encoded payload undergoes rate-
matching and block concatenation prior to being fed to a
QPSK modulator. This process yields a set of complex-valued
modulation symbols. Subsequently, the resource allocation
process is executed, where one or multiple OFDM symbols are
used to allocate the modulated symbols to resource blocks and
insert the DMRS resources. The number of resource blocks is
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transmission. This ensures compatibility and coherence with
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2) Spatial Pilot Allocation Procedures:
Il convient dee souligner que les systems MIMO doivent
tenir compte la façon font les symboles pilot sont alloué
dans la dimension spatiale een plus de celle temporelle et/ou
frequentielle. En effet les symbolee d’entrainement doiveent
eetre transmis sans interferer les uns avec les autres pour une
estimer avec precision les information sur l’etat du canal.

Tenant compte des methoded’allocation de pilot exploitant
l’orthogonailté frequentielle, l’orthogonalité temporelle, signal
orthogonalité(i.e;, la maniere dont les sequencees ont été
concues est basé sur une orthoganité mutuelle en l’utisant
des seequences Zadoff-Chu). La manière la plus simple de
mélanger les symboles pilotes constituant ces séquences pilot
avec les données est sans doute l’insertion dans le temps
et/ou la fréquence, bien que d’autres approches telles que
la superposition ou le multiplexage par répartition en code
soient possibles [40]. Under block fading, at least NT pilot
symbols must be inserted within each coherence block, one per
antenna, with Np � NT pilot symbols per block [39]. Largee-
ment adopté dans lees norme de communication eemeergent
actuelle, l’orthonagiyé frequentieelle semeble avoir plus dee
merite et est particulierement adapté au systeems de type
OFDM.

Dans cette etude, l’orthoganité frequentielle est de mise car
permettant de transmettre les symboles pilot simultanémeent
tout en evitant l’interference au niveau du recepteeur car les
symbole pilotes sont defacto mappés sur different frequence
porteuse ou subscariers que nous tacherons de d’illustrer sur
la figure

EEn outre, si nous devons veilleer à assume une certaine
orthogonalité entre les sequence d’entrainnement, il nous faut
par consequent analyser la capacité spatial en terme demention
MIMO d’antenne emettrice etre possible en fonction de la
deensité de PRB par block de coherence en l’occurrence
cic sur un PRB. Nous nous baserons sur le genral resource
mapping dans le lequel les donnéé et les pilot ne sont transmis
conjointement que sur un seule symbole OFDM commun.

(a) 4 DMRS/PRB werein for every 3 consecutive symboles,
one symbole belongs to DMRS. The number of possible
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Fig. 1. Polar/LDPC coded Modulation : (NR × NT) SU-MIMO System.

We consider the ideal receiver, denoted as Perfect CSI to be
a benchmark for comparison with the subsequent receiver
architectures. These subsequent architectures typically em-
ploy a separate least-squares channel estimation method by
substituting the true channel matrix, denoted as H, with an
estimated channel matrix Ĥ. Moreover, within the framework
of a conventional receiver, it is considered that, at the very
least, the observation of a single reference signal spans the
entirety of a physical resource block (PRB) or coherence
block to generate the coded bit corresponding to each data
symbol within that PRB. Consequently, a block is construed
as comprising a singular data symbol. We will note this case
throughout this paper as No CSI (Nd = 1).

III. BICM RECEIVER DESIGN WITH UNKNOWN CSI

A. (NR × NT) MIMO Rayleigh Block Fading Channel

As described earlier, the block fading channel H is as-
sumed to be a complex-valued random unitary matrix, i.e.,
H ∼ CN (0, I). The complex-valued fading coefficient hi,j
represents the channel gain between the j-th transmit antenna
and the i-th receive antenna. These fading coefficients are
assumed to be constant over the N symbol periods and are
independent. Therefore, the probability density function of
hi,j can be expressed as p (hi,j) =

1
π exp

(
−|hi,j |2

)
.

Both the fading coefficients and the noise follow complex
Gaussian distributions. Thus, conditioned on the transmitted
signal, the received signals are jointly complex Gaussian.
The received signal is zero mean (E{Y|X} = 0), circularly
symmetric complex Gaussian with an N×N covariance matrix
ΦY, concretely.

The likelihood function or conditional probability density is
commonly encountered in the literature [1], [2] and it’s shown
to be

p (Y|X) =
exp

(
− tr

{
YΦ−1

Y Y†})

πN×NR detNR (ΦY)
. (4)

It is worth noting that not all of the metric derivation steps
are provided herein. Stated directly, the likelihood function
can be given as :

p (Y|X) =
1

LX
exp

(
− tr

{
Y† (N−1

0 I−N−1
0 XDX†)Y

})
, where

(5)
LX = πN×NR detNR

(
N0I+ {XX†}

)
, Φ−1

Y =
(
N−1

0 I−N−1
0 XDX†)

and D =
[
N0I+X†X

]−1. This proposed likelihood function
p (Y|X) = q (X,Y), commonly is referred to as the symbol

decoding metric. Ignoring the multiplicative terms independent
of X, (5) reduces to :

q (X,Y) ≈ 1

LX
exp

(
1

N0
tr
{(

X†Y
)†

D
(
X†Y

)})
. (6)

Observing the structure of the metrics and the absence of
overlap between the data and DMRS symbols, and as shown
before, we can easily see that the channel estimate is part
of the metrics. By writing X = X(d) +X(p). Then, we can
reveal the channel estimate ĤLS into the metric to take full
merit of the joint estimation detection principle :

X†Y = X(p)†Y(p)
︸ ︷︷ ︸

channel estimate

+ X(d)†Y(d) = CpĤLS +X(d)†Y(d) , (7)

where Cp = X(p)†X(p) given that ĤLS = X(p)†Y(p)

X(p)†X(p)
. This

channel estimate is obtained via a joint least-squares (LS)
channel estimation using averaging or smoothing over the
number of dimensions exhibiting channel coherence. Note that
reference signal power is typically normalized to unity. In
general, the channel estimation procedure will work as usual
and the resulting channel estimates are fed into the metrics
considered here.

In addition, for the case of polar or LDPC-coded data, we are
motivated for complexity reasons to segment the coded streams
into small blocks for detection. Under an ideal interleaving
assumption with known channels, detection can be performed
individual modulated symbols. With joint estimation-detection
and interleaved DMRS and data symbols, we will consider
short blocks comprising both data and DMRS over which to
compute the proposed metrics. Figure 2 shows a conceptual
illustration of the proposed approach for joint estimation and
detection. Consistent with this proposition, the introduced
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X 2 �j
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symbols. Subsequently, the LLR bits generated for the second
symbol (x(d)

2 ) take into consideration x
(d)
1 , and those for x

(d)
3

depend on both x
(d)
2 and, potentially, x

(d)
1 . Finally, the LLR

bits generated for x
(d)
4 also depend on x

(d)
3 , and potentially on

x
(d)
2 and x

(d)
1 .
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Fig. 3. Conceptual illustration of JED principle with detection windows of
order Nd = 4.

Corollary 2: Considering an iterative JED for more reliable
output LLRs, the estimation-detection process based on the
proposed metric in (9) can be extended to include iterative
steps to enhance transmission quality. Here, we focus specif-
ically on the estimation-detection aspect of the receiver. In
general, the choice of where to apply the iterative process
depends on the specific system requirements, complexity,
available resources, transmission channel conditions, and per-
formance goals. Each step has different implications in terms
of complexity and efficiency. Moreover, the number of itera-
tions possible in a communication system typically depends
on specific design requirements and system constraints. In
the case of sporadic transmission of short packets, strict
latency constraints limit the number of iterations. Therefore,
the number of iterations to be implemented must be finely
adjusted to strike a balance between complexity, performance,
and efficiency, aiming to achieve the desired transmission
quality goals. Additionally, a minimal number of iterations can
be used for basic adjustments, while more complex scenarios
may implement multiple iterative processes for progressive
optimization.

Indeed, the iterative process of the JED receiver can com-
prise two successive stages. Firstly, the initial iterative process

pertains to channel estimation, continuing until the maximum
required number of iterations is reached. Subsequently, the
second iterative process, related to the detector, follows suit
until the maximum required number of iterations is attained.
It is worth noting that the channel estimate involved in LLR
detection corresponds to the channel estimate resulting from
the last iteration or the maximum iteration in the joint channel
estimation phase. This process can be viewed as a 2-layer
iterative JED process, with the first layer being iterative joint
channel estimation and the second layer pertaining to iterative
joint detection.

B. A (NR⇥NT) MIMO Within Rayleigh Block Fading Channel

Consider a SU-MIMO transmission model featuring multi-
ple antenna elements in both transmitter and receiver arrays.
The system’s dimensions are defined by parameters NR ⇥NT,
where NT and NRNR denote the numbers of antennas in
the transmitter and receiver arrays, respectively. We operate
under the assumption of an absence of intersymbol interfer-
ence (ISI) and consider a time-invariant configuration. These
assumptions facilitate the utilization of the standard complex-
valued baseband representation of narrowband signals ex-
pressed discretely. Let hi,j represent the complex-valued path
gain, serving as the fading coefficient from transmit antenna
j to receive antenna i. At any given time instance when
the complex-valued signals x1, x2, . . . , xNT

are transmitted
through the NT respective antennas, the received signal at
antenna i can be mathematically expressed as follows :

yi =

NTX

j=1

hi,jxj + zi, i = 1, 2, . . . , NR . (10)

The model incorporates additive white Gaussian noise, de-
noted as zi, with independent real and imaginary components,
each having a variance of �2 in every dimension. For clarity
and convenience, we employ a matrix framework. Thus, we
define x as a vector of size NT representing the transmitted
values, and y as a vector of size NR representing the received
values. In this context, x belongs to the complex vector space
CNT , y belongs to the complex vector space CNR , and the
channel transfer matrix is denoted as H 2 CNR⇥NT . However,
the system model described by equation (10), which represents
transmission within a single symbol interval, can be readily ex-
tended to accommodate the transmission of several consecutive
vectors {x1,x2, . . . ,xN} over the channel. Here, N denotes
the total number of symbol intervals utilized for transmis-
sion. As a result, we organize the transmitted, received, and
noise vectors into matrices, X = [x1,x2, . . . ,xN ] , Y =
[y1,y2, . . . ,yN ] , Z = [z1, z2, . . . , zN ], respectively. The

Fig. 3. Conceptual illustration of JED principle with detection windows of
order Nd = 4.

and efficiency, aiming to achieve the desired transmission
quality goals. Additionally, a minimal number of iterations can
be used for basic adjustments, while more complex scenarios
may implement multiple iterative processes for progressive
optimization.

B. A (NR⇥NT) MIMO Within Rayleigh Block Fading Channel

Consider a SU-MIMO transmission model featuring multi-
ple antenna elements in both transmitter and receiver arrays.
The system’s dimensions are defined by parameters NR ⇥NT,
where NT and NR denote the numbers of antennas in the
transmitter and receiver arrays, respectively.We assume no
inter-symbol interference (ISI) and consider a time-invariant
configuration, making it feasible to use the standard base-
band complex-valued representation. Let hi,j represent the
complex-valued path gain, serving as the fading coefficient
from transmit antenna j to receive antenna i. At any given time
instance when the complex-valued signals {x1, x2, . . . , xNT

}
are transmitted through the NT respective antennas, the re-
ceived signal at antenna i can be expressed as follows :

yi =

NTX

j=1

hi,jxj + zi, i = 1, 2, . . . , NR . (10)

The model incorporates additive white Gaussian noise, de-
noted as zi, with independent real and imaginary components,
each having a variance of �2 in every dimension. Thus, we
define x as a vector of size NT representing the transmitted
values, and y as a vector of size NR representing the received

values. Hence, x belongs to the complex vector space CNT , y
belongs to the complex vector space CNR , and the channel
matrix is denoted as H 2 CNR⇥NT . However, the system
model described in (10), which represents transmission within
a single symbol interval, can be extended to accommodate the
transmission of several consecutive vectors {x1,x2, . . . ,xN}
over the channel. Here, N denotes the total number of symbol
intervals utilized for transmission. For clarity and convenience,
we employ a matrix framework. As a result, we organize
the transmitted, received, and noise vectors into matrices,
X = [x1,x2, . . . ,xN ] , Y = [y1,y2, . . . ,yN ] , Z =
[z1, z2, . . . , zN ], respectively. The elements within H repre-
sent the complex-valued channel gains between each transmit
and receive antenna. We adopt a widely assumption regarding
H, which is that its elements, hi,j, are statistically independent
for the sake of simplicity. In practice, the complex path gains
hi,j exhibit correlations influenced by factors such as the
propagation environment, antenna element polarization, and
their spacing. Accordingly, the entries of H can be treated as
independent zero-mean complex Gaussian random variables
with unit variance. This channel model is often referred to as
the identically and independently distributed (IID) Rayleigh
fading MIMO channel model, or more precisely, the Rayleigh
block-fading.

1) Perfect Channel State Information
The channel matrix H is assumed to be perfectly known at
the receiver. The likelihood function or conditional probability
density is approximately given by:

q (X, {Y,H}) / exp
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The LLR bit metric for the j � th bit in BICM receiver is

⇤j (Y) = log
q (ej(X) = 0, {Y,H})

q (ej(X) = 1, {Y,H})
. (13)

and the corresponding max-log approximation of (13) is shown
to be
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Fig. 2. Conceptual illustration of JED principle with detection windows of
order Nd = 4.

function enables advanced joint estimation and detection.
Consequently, it can be formulated as follows

q(X,Y) =
1

LX
exp

✓
1

N0
tr

⇢⇣
Cp
bHLS + X(d)†

Y(d)
⌘†

D
⇣
Cp
bHLS + X(d)†

Y(d)
⌘o⌘

.

(9)

The likelihood of the coded bit ej s.t b 2 {0, 1} is

q (ej(X) = b,Y) =
X

X 2 �j
b

q (X,Y) . (10)

Then, the log likelihood ratio (LLR) bit metric for the j�th
e in BICM receiver is as follow

⇤j (Y) = log
q (ej(X) = 0,Y)

q (ej(X) = 1,Y)
. (11)

Note that in the above expressions we do not limit the dimen-
sionality of the observations when computing likelihoods of
particular bits as we stated in [7]. In the original work of Caire
et al. [20], the authors assume an ideal interleaving model
which allows limiting the observation interval of a particular
coded bit to the symbol in which it is conveyed. For long
blocks this assumption is realistic for arbitrary modulation

signal sets and is sufficient for BPSK and QPSK irrespective
of the block length when the channel is known perfectly.

To ease the process of implementing such a LLR bit metric
in (7), one may use its max-log approximation version given in
(7). Furthermore, the computational complexity of the LLR
metric in a BICM MIMO system is typically on the order
of O (NT ⇥ NR ⇥ Nd ⇥ log2 M). This complexity exhibits
linearity with respect to the length of received data symbols
(Nd), the number of transmitting (NT), and receiving (NR)
antennas , as well as the size of the modulation alphabet (M).
Considering NT = 1, we revert to the SIMO scenario, which
is similar to the proposed metric in [7] for the general non-
coherent fading channel by setting the relative magnitude of
the LOS component ↵ = 0, which brings the metric back to
the pure Rayleigh fading case.

B. (NR ⇥ 2) MIMO within Line-Of-Sight Channel
For the sake of simplicity, we consider an (NR ⇥ 2)

MIMO configuration, acknowledging the complexity inherent
in deriving metrics for spatial dimensions NT > 2 under Line-
of-Sight (LOS) channel conditions with unknown phases.

In a LOS channel represented by H, covering coherence
blocks of N symbols and assuming no antenna correlation,
the relationship between receiver and transmitter is such that:

yi = hi,1x1 + hi,2x2 + zi, i = 1, 2 . . . , NR, (12)

where yi ⇠ CN⇥i, {x1,x2} ⇠ CN⇥1 and H ⇠ CNR⇥2.
The receiver signal is then modelled as

yi = ej✓i,1x1 + ej✓i,2x2 + zi, i = 1, 2, . . . , NR. (13)

Following the same principle as in the preceding section, we
may establish the conditional probability density in order to
determine the BICM metric for this typical instance. It should
be stressed that ✓i,1 and ✓i,2 are unknown to the receiver and
are assumed to be i.i.d. uniform random variables on [0, 2⇡).
The i.i.d. assumption for ✓i,j is somewhat unrealistic for a
modern array receiver with accurate calibration. The phase
differences would be more appropriately characterized by two
random-phases, one originating from the time-delay between
transmitter and receiver and the other from the angle of arrival
of the incoming wave. The phase differences of individual
antenna elements for a given carrier frequency could then
be determined from the angle of arrival and the particular
geometry of the array. To avoid assuming a particular array
geometry, the i.i.d. uniform model provides a simpler and
universal means to derive a receiver metric. Upon disregarding
multiplicative terms that are independent of the transmitted
message, the likelihood function can be formulated as follows:

q ({x1,x2} ,yi) /
Z

✓i,1

Z

✓i,2

exp

✓
� 1

N0

kyi � ej✓i,1x1 � ej✓i,2x2k2
�
d✓i,2 d✓i,1.

(14)

Fig. 2. Conceptual illustration of JED principle with detection windows of
order Nd = 4.
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likelihood function enables advanced JED.
Consequently, it can be formulated as follows

q(X,Y) =
1

LX
exp

(
1

N0
tr

{(
CpĤLS +X(d)†Y(d)

)†

D
(
CpĤLS +X(d)†Y(d)
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.

(8)

Then, the likelihood of the coded bit ej s.t b ∈ {0, 1} is

q (ej(X) = b,Y) =
∑

X ∈ χj
b

q (X,Y) . (9)

The LLR bit metric for the j − th bit in BICM receiver is

Λj (Y) = log
q (ej(X) = 0,Y)

q (ej(X) = 1,Y)
. (10)

It is worth noting that, in the above expressions we do not
limit the dimensionality of the observations when computing
likelihoods of particular bits as we stated in [7]. In the
original work of Caire et al. [20], the authors assume an
ideal interleaving model which allows limiting the observation
interval of a particular coded bit to the symbol in which it
is conveyed. For long blocks this assumption is realistic for
arbitrary modulation signal sets and is sufficient for BPSK
and QPSK irrespective of the block length when the channel
is known perfectly.

To ease the process of implementing such a LLR bit metric
in (10), one may use its max-log approximation version given
in (11).

Furthermore, the computational complexity of the LLR
metric in a BICM MIMO system is typically on the order
of O (NT × NR ×Nd × log2 M). This complexity exhibits
linearity with respect to the length of received data symbols
(Nd), the number of transmitting (NT), and receiving (NR)
antennas , as well as the size of the modulation alphabet (M).
Considering NT = 1, we revert to the SIMO scenario, which
is similar to the proposed metric in [7] for the general non-
coherent fading channel by setting the relative magnitude of
the LOS component α = 0, which brings the metric back to
the pure Rayleigh fading case.

B. (NR × 2) MIMO Line-Of-Sight Channel

For the sake of simplicity, we consider an (NR × 2)
MIMO configuration, acknowledging the complexity inherent
in deriving metrics for spatial dimensions NT > 2 under
line-of-sight channel conditions with unknown phases.

In a LOS channel represented by H, covering coherence
blocks of N symbols and assuming no antenna correlation,
the relationship between receiver and transmitter is such that:

yi = hi,1x1 + hi,2x2 + zi, i = 1, 2 . . . ,NR, (12)

where yi ∼ CN×i, {x1,x2} ∼ CN×1 and H ∼ CNR×2.
The receiver signal is then modelled as

yi = ejθi,1x1 + ejθi,2x2 + zi, i = 1, 2, . . . ,NR. (13)

Following the same principle as in the preceding section, we
may establish the conditional probability density in order to
determine the BICM metric for this typical instance. It should
be stressed that θi,1 and θi,2 are unknown to the receiver and
are assumed to be i.i.d. uniform random variables on [0, 2π).
The i.i.d. assumption for θi,j is somewhat unrealistic for a
modern array receiver with accurate calibration. The phase
differences would be more appropriately characterized by two
random-phases, one originating from the time-delay between
transmitter and receiver and the other from the angle of arrival
of the incoming wave. The phase differences of individual
antenna elements for a given carrier frequency could then
be determined from the angle of arrival and the particular
geometry of the array. To avoid assuming a particular array
geometry, the i.i.d. uniform model provides a simpler and
universal means to derive a receiver metric. Upon disregarding
multiplicative terms that are independent of the transmitted
message, the likelihood function can be formulated as follows:

q ({x1,x2} ,yi) ∝
∫
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∫

θi,2

exp

(
− 1
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(14)

By expanding the ℓ2-norms term constituting the expression
of the conditional density probability, saying
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†
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†
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†
2 , x†

1yi = |x†
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1yi , x†
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2yi , and subsequently disregarding the independent
terms of x1 and x2, this lends to :
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†
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.

For reasons of simplicity, an assumption of orthogonality
between the modulated symbols x1 and x2 is necessary.
Actually, in MIMO systems, it is practicable or desired that
the modulated symbols of distinguish antennas be orthogonal
to each other. Thus, assuming orthogonality between x1 and
x2, this means that ⟨x1,x2⟩ = 0. Therefore, we can proceed
with successive integration with respect to θi,1 and θi,2 using
the Fubini’s Theorem [21].
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LS
i,2 + x

(d)
2

†
y
(d)
i

∣∣∣∣−
∥x1∥2 + ∥x2∥2

2

)

− max
{x1,x2} ∈ χj

1

NR−1∑

i=0

2

N0

(∣∣∣∣Npĥ
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Knowing that 1
π

∫ π

λ=0
exp(zcos(λ))dλ = I0(z), the likelihood

function is shown to be

q ({x1,x2},y) ∝
NR−1∏

i=0

exp
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×
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(15)

The resulting bit metric computations in logarithmic domain
might be computationally hard to accomplish. For simpler
processing, the max-log approximation is commonly used.
First, an exponential approximation of I0(z) ∼ ez√

2πz
∼ ez

is applied. Considering this approximation, the log-likelihood
ratio (LLR) for the j-th coded bit is provided in (16).

Please note that in equation (16), several terms can be
omitted when the magnitude of vector x remains constant, as
is the scenario in BPSK or QPSK modulation.

Furthermore, the computational complexity of the LLR
metric in such a BICM system is typically on the order of
O (2× NR ×Nd × log2 M). Considering NT = 1, we revert
to the SIMO scenario, which is similar to the metric we
presented in [7] for the general non-coherent fading channel
by setting the relative magnitude of the LOS component α = 1,
which is amenable to the pure LOS scenario.

IV. NUMERICAL RESULTS

For illustrative purposes, we consider three distinct MIMO
configurations: (4 × 1) SIMO BICM, (2 × 2) and (4 × 2)
MIMO BICM. The ensuing figures present the performance
of BIPCM/BILCM with joint estimation and detection over
a Rayleigh block fading channel and Line-of-Sight (LOS)
channel. The evaluation discerns performance disparities across
three scenarios: Perfect CSI, No CSI (Nd = 4), and No CSI
(Nd = 1). The simulations employ NR POLAR and NR
LDPC coding schemes, coupled with QPSK modulation. The
transmission process encompasses a transport block length of
48 bits. The resource population procedure utilizes a single
OFDM symbol with 4 PRBs or 48 resource elements (32 REs
for data components and 16 REs for DMRS components).
The DMRS sequences occupy 4 REs per PRB. This trans-
mission structure, where reference and data components are
concurrently transmitted within common OFDM symbols, is
standard in the PUCCH or physical uplink shared channel
(PUSCH), as well as in some downlink control channels.
To conduct a comprehensive comparative analysis of our
findings, we have utilized finite block length bounds, including
both converses and achievability results, as established in the
scientific literature. For a deeper insight into the metaconverse
(MC) and random coding union(RCU) bounds utilized in the
above figures, we encourage interested readers to refer to the
works of authors [13]–[15].

Figure 3a shows that using the joint estimation and detection
(JED) approach enhances performance by 1.5 dB and 0.75

dB for polar and LDPC coded configurations in a (4 × 1)
SIMO system with Rayleigh block fading, maintaining a block
error rate (BLER) threshold of 1%. Despite similar code rates
and transmission parameters, BIPCM consistently outperforms
BILCM. This is partly due to the optimization of the 3GPP
polar code for short block lengths, while the 3GPP LDPC code
is designed for longer transport block lengths. Additionally,
we note a performance difference of around 1.25 dB between
our JED-based receiver (Nd = 4), using BIPCM, and the
metaconverse bound. Interestingly, this difference reduces to
only 0.5 dB when compared to the performance of the coherent
receiver with Perfect CSI.

Additionally, the results depicted in Figure 3b, representative
of a (2× 2) spatially multiplexed MIMO configuration, are
consistent with the trends observed in Figure 3a. However,
the noticeable performance enhancements are noteworthy,
indicating improvements of 0.6 dB and 0.3 dB with JED-based
receivers (Nd = 4) when employing BIPCM and BILCM,
respectively.

Finally, Figure 3c illustrates the (4×2) BIPCM and BILCM
MIMO configurations in a line-of-sight channel scenario.
At a BLER of 1%, the performance comparison in the
first configuration indicates a gain of 1 dB with the JED-
based receiver over the conventional receiver. Additionally,
there is a 0.6 dB difference between the JED-based receiver
(Nd = 4) and the Perfect CSI or ideal receiver. In the second
configuration, specifically the (4× 2) BILCM MIMO, there is
a 0.75 dB improvement with the JED-based receiver (Nd = 4)
compared to the conventional receiver, along with a 0.5 dB
gap between the Perfect CSI-based receiver and the JED-based
receiver (Nd = 4).

Remarkably, it can be contended that the advanced receiver
outperforms the conventional counterpart and demonstrates
greater resilience in the face of inaccurate channel estimation.

Nonetheless, as delineated in a previous correspondence [7],
these performance enhancements can be significantly boosted.
This improvement consistently converges towards an ever-
closer alignment with the performance benchmarks set by the
ideal or coherent receiver, mainly through adaptive DMRS/data
power adjustment as the underlying transmission forwards
data and reference signals in a frequency-interleaved fashion
within a common OFDM symbol. In this spirit, we can even
prioritise transmission with fewer DMRS in order to bootstrap
the advance receiver, therefore reducing some transmission
overhead.

V. CONCLUSIONS

This paper presented receiver metrics for joint estimation
and detection using training or reference signal transmission
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(a) Rayleigh Block Fading channel.
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Fig. 5. Block Error Rate, 48 bits(TBs+CRC), NR POLAR BICM (CRC-aided successive-cancellation list decoder, List length=8), NR LDPC BICM (belief
propagation decoder, iteration=30) QPSK modulation, 1 OFDM symbol, 4 PRBs, 48 REs (32 data, 16 DMRS), (4 ⇥ 1) SIMO, vs outer (MC) and inner
(RCUs) bounds.

5 10 15 20

10�3

10�2

10�1

SNR (dB)

B
L

E
R

Perfect CSI, BIPCM, (2 ⇥ 2) MIMO
No CSI, BIPCM, (2 ⇥ 2) MIMO, Nd = 1

No CSI, BIPCM, (2 ⇥ 2) MIMO, Nd = 4

Perfect CSI, BILCM, (2 ⇥ 2) MIMO
No CSI, BILCM, (2 ⇥ 2) MIMO, Nd = 1

No CSI, BILCM, (2 ⇥ 2) MIMO, Nd = 4

Meta Converse(MC) bound, (2 ⇥ 2) MIMO

5 10 15 20

10�3

10�2

10�1

SNR (dB)

B
L

E
R

Perfect CSI, BIPCM, (2 ⇥ 2) MIMO
No CSI, BIPCM, (2 ⇥ 2) MIMO, Nd = 1

No CSI, BIPCM, (2 ⇥ 2) MIMO, Nd = 4

Perfect CSI, BILCM, (2 ⇥ 2) MIMO
No CSI, BILCM, (2 ⇥ 2) MIMO, Nd = 1

No CSI, BILCM, (2 ⇥ 2) MIMO, Nd = 4

Meta Converse(MC) bound, (2 ⇥ 2) MIMO

(a) (2 ⇥ 2) SU-MIMO, vs outer (MC) bound, Rayleigh Block Fading channel.
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Fig. 6. Block Error Rate, 48 bits(TBs+CRC), NR POLAR BICM (CRC-aided successive-cancellation list decoder, List length=8), NR LDPC BICM (belief
propagation decoder, iteration=30) QPSK modulation, 1 OFDM symbol, 4 PRBs, 48 REs (32 data, 16 DMRS).

iterative procedure, when applied to an advanced detector lead-
ing to a fully iterative receiver, further enhances these gains
by a few additional dBs. Nevertheless, it is noteworthy that
the proposed JED-based receiver without iteration and with
iteration exhibit a considerable degree of similarity in terms
of performance as depicted in Figure 7b. Specifically, there
is an approximate difference of 0.15 dB when considering 10
iterations. This observation underscores the robustness of the
proposed JED-based receiver in terms of channel estimation
and detection, even in the absence of an iterative process.
Indeed, the estimated channel and the employed detection
strategy appear to be robust to a certain extent. In some scenar-
ios, relying solely on the advanced JED without introducing an
iterative process may be sufficient. This approach offers added
value in terms of reducing receiver complexity, as introducing
excessive operations at the receiver level could incur additional

overhead and latency.

C. Complexity Analysis

The complexity of the detection metrics is analysed using
Monte Carlo simulation. The execution time highlights the
time elapsed between the input and output of the demodulator,
concisely, until the LLRs are generated. It is relevant to ascer-
tain the block size range wherein complexity is comparatively
diminished when contrasted with traditional metrics to estab-
lish a better trade-off between performance and complexity.
Analytically, within a very short block regime, the standard
and advanced receiver metrics exhibit near equivalence, as
illustrated in Figure 8a. However, as the block size increases,
the complexity of the advanced receiver becomes greater
than that of the conventional receiver, hence the need for
block detection to break down this increasing complexity.

(a) (4 × 1) SIMO, Rayleigh Block Fading channel.
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(a) Rayleigh Block Fading channel.
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Fig. 5. Block Error Rate, 48 bits(TBs+CRC), NR POLAR BICM (CRC-aided successive-cancellation list decoder, List length=8), NR LDPC BICM (belief
propagation decoder, iteration=30) QPSK modulation, 1 OFDM symbol, 4 PRBs, 48 REs (32 data, 16 DMRS), (4 ⇥ 1) SIMO, vs outer (MC) and inner
(RCUs) bounds.
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(a) (2 ⇥ 2) SU-MIMO, vs outer (MC) bound, Rayleigh Block Fading channel.
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Fig. 6. Block Error Rate, 48 bits(TBs+CRC), NR POLAR BICM (CRC-aided successive-cancellation list decoder, List length=8), NR LDPC BICM (belief
propagation decoder, iteration=30) QPSK modulation, 1 OFDM symbol, 4 PRBs, 48 REs (32 data, 16 DMRS).

iterative procedure, when applied to an advanced detector lead-
ing to a fully iterative receiver, further enhances these gains
by a few additional dBs. Nevertheless, it is noteworthy that
the proposed JED-based receiver without iteration and with
iteration exhibit a considerable degree of similarity in terms
of performance as depicted in Figure 7b. Specifically, there
is an approximate difference of 0.15 dB when considering 10
iterations. This observation underscores the robustness of the
proposed JED-based receiver in terms of channel estimation
and detection, even in the absence of an iterative process.
Indeed, the estimated channel and the employed detection
strategy appear to be robust to a certain extent. In some scenar-
ios, relying solely on the advanced JED without introducing an
iterative process may be sufficient. This approach offers added
value in terms of reducing receiver complexity, as introducing
excessive operations at the receiver level could incur additional

overhead and latency.

C. Complexity Analysis

The complexity of the detection metrics is analysed using
Monte Carlo simulation. The execution time highlights the
time elapsed between the input and output of the demodulator,
concisely, until the LLRs are generated. It is relevant to ascer-
tain the block size range wherein complexity is comparatively
diminished when contrasted with traditional metrics to estab-
lish a better trade-off between performance and complexity.
Analytically, within a very short block regime, the standard
and advanced receiver metrics exhibit near equivalence, as
illustrated in Figure 8a. However, as the block size increases,
the complexity of the advanced receiver becomes greater
than that of the conventional receiver, hence the need for
block detection to break down this increasing complexity.

(b) (2 × 2) SU-MIMO, Rayleigh Block Fading channel.
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(a) Rayleigh Block Fading channel.
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Fig. 5. Block Error Rate, 48 bits(TBs+CRC), NR POLAR BICM (CRC-aided successive-cancellation list decoder, List length=8), NR LDPC BICM (belief
propagation decoder, iteration=30) QPSK modulation, 1 OFDM symbol, 4 PRBs, 48 REs (32 data, 16 DMRS), (4 ⇥ 1) SIMO, vs outer (MC) and inner
(RCUs) bounds.
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(a) (2 ⇥ 2) SU-MIMO, vs outer (MC) bound, Rayleigh Block Fading channel.
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Fig. 6. Block Error Rate, 48 bits(TBs+CRC), NR POLAR BICM (CRC-aided successive-cancellation list decoder, List length=8), NR LDPC BICM (belief
propagation decoder, iteration=30) QPSK modulation, 1 OFDM symbol, 4 PRBs, 48 REs (32 data, 16 DMRS).

iterative procedure, when applied to an advanced detector lead-
ing to a fully iterative receiver, further enhances these gains
by a few additional dBs. Nevertheless, it is noteworthy that
the proposed JED-based receiver without iteration and with
iteration exhibit a considerable degree of similarity in terms
of performance as depicted in Figure 7b. Specifically, there
is an approximate difference of 0.15 dB when considering 10
iterations. This observation underscores the robustness of the
proposed JED-based receiver in terms of channel estimation
and detection, even in the absence of an iterative process.
Indeed, the estimated channel and the employed detection
strategy appear to be robust to a certain extent. In some scenar-
ios, relying solely on the advanced JED without introducing an
iterative process may be sufficient. This approach offers added
value in terms of reducing receiver complexity, as introducing
excessive operations at the receiver level could incur additional

overhead and latency.

C. Complexity Analysis

The complexity of the detection metrics is analysed using
Monte Carlo simulation. The execution time highlights the
time elapsed between the input and output of the demodulator,
concisely, until the LLRs are generated. It is relevant to ascer-
tain the block size range wherein complexity is comparatively
diminished when contrasted with traditional metrics to estab-
lish a better trade-off between performance and complexity.
Analytically, within a very short block regime, the standard
and advanced receiver metrics exhibit near equivalence, as
illustrated in Figure 8a. However, as the block size increases,
the complexity of the advanced receiver becomes greater
than that of the conventional receiver, hence the need for
block detection to break down this increasing complexity.

(c) (4 × 2) SU-MIMO, Line-of-Sight (LOS) channel.

Fig. 3. Block Error Rate, 48 bits(TBs+CRC), NR POLAR BICM (CRC-aided successive-cancellation list decoder, List length=8), NR LDPC BICM (belief
propagation decoder, iteration=30) QPSK modulation, 1 OFDM symbol, 4 PRBs, 48 REs (32 data, 16 DMRS), versus outer (MC) bound

strategies in short block length channels. We showed that it is
possible to enhance the performance and sensitivity through
joint detection-estimation compared to standard receivers,
especially when the channel state information is unknown and
the density of the training dimensions is low. The performance
analysis maked use of a full 5G transmitter and receiver
chains for both Polar and LDPC coded transmissions paired
with QPSK modulation schemes. We considered transmissions
where reference signals are interleaved with data and both
are transmitted over a small number of OFDM symbols so
that near-perfect channel estimation cannot be achieved. We
characterized the performance for up to SIMO and spatially
multiplexed SU-MIMO transmission configurations in order
to determine the performance gain offered by the proposed
detection metrics in realistic base station receiver scenarios
over Rayleigh block fading and Line-Of-Sight channels. Our
findings demonstrate that when the detection windows used
in the metric units is on the order of four modulated symbols
the proposed receiver metrics can be used to achieve detection
performance that is close to that of a coherent receiver with
perfect CSI for both polar and LDPC coded configurations.
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