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ABSTRACT In this paper, we present a 3GPP-inspired hardware implementation for the out-of-band
Integrated Access and Backhaul (IAB) network, which serves as a solution to both coverage extension and
capacity boosting in 5G and beyond networks. By employing an Ettus x310 software-defined radio (SDR)
board, Pasternack’s 60 GHz Transmitter (Tx) waveguide module, and MatlabTM software, we design and
develop an easy-to-use out-of-band mmWave Layer 2 protocol. The proposed protocol decodes a frequency
range 1 (FR1) 5G signal as input at 3.5 GHz, which is retransmitted to theUE as a frequency range 2 (FR2) 5G
signal at 60 GHz. In the implementation of the Layer 2 protocol, the least squares (LS) estimator is adopted
by considering the demodulation reference signal (DM-RS) and the channel state information reference
signal (CSI-RS) as pilot symbols in real-world environments. To alleviate the performance degradation in
the mmWave access link, a phase noise cancellation (PNC) algorithm based on the phase tracking reference
signal (PT-RS) is implemented at the UE node where a PT-RS block structure is introduced in the mmWave
Layer 2 protocol transmitter stage. We review and evaluate the key performance indicators (KPIs) of the
proposed Layer 2 protocol in real non-line-of-sight (NLOS) environments and a comparison between the
gNode-to-UE link is carried out. Our results indicate that the performance of the proposed Layer 2 protocol
is similar to the obtained with the off-the-shelf equipment demonstrating the right functionality of the
developed algorithms. Experimental results evidence the superiority of the proposed Layer 2 protocol over
the gNodeB-to-UE link (direct link communication) and the best performance is obtained when the PNC
algorithm is considered in the IAB architecture.

INDEX TERMS IAB architecture, Layer 2 protocol, phase noise cancellation, 60 GHz wireless testbench,
measurements, performance evaluation.

I. INTRODUCTION
Cellular networks will be able to support the growing applica-
tions and services demanded by the users in rural, urban, and
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high-speed environments with higher performance [1], [2].
In this context, 5G wireless communication networks are
changing the mobile cellular paradigm into new scenar-
ios and application services such as enhanced mobile
broadband (eMBB) [3], [4], ultra-reliable and low-latency
connection (URLLC) [5], [6], and massive machine-type
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communications (MMTC) [7], [8], where high-performance
and data-centric computing are required [9], [10]. The mil-
limeter wave (mmWave) frequency band is enabling technol-
ogy in 5G communication networks, being a topic of interest
in recent years by the academia, standardization organiza-
tions, regulatory committees, and industry, as well as it is
a key candidate for addressing the challenges of bandwidth
shortage for 5G systems and beyond [11], [12], [13]. How-
ever, signals at mmWave bands undergo severe path loss and
are highly sensitive to blockage as compared to frequency
range 1 (FR1) of 5G [14], [15], [16], [17].

To solve the mmWave problem and as an evolution from
4G to 5G, a multi-hop backhauling architecture named Inte-
grated Access and Backhaul (IAB) has been standardized to
support data services through a wireless access link [18]. The
simplest IAB network consists of three major components:
IAB-donor (base station or gNodeB), IAB-node (relay node
(RN)), and user equipment (UE). In this sense, the IAB net-
work can also be known as a cooperative relaying with some
advanced capabilities and the Decode-&-Forward (D&F)
protocol is more suited for the RN of the IAB architecture,
as considered in recent studies [19], [20].

IAB networks have motivated the research activity from
the academy and industrial sectors. Although operating on
mmWave or sub-6 GHz bands, the IAB architecture is play-
ing an appreciable role in several practical environments
in FR1 5G wireless communications, such as public safety
networks [21], [22]. According to the 3GPP standard [18],
IAB architectures can improve the spectral efficiency (SE)
and reduce the communication delay without any require-
ment for the guard time/band in comparison with the stan-
dardized LTE relay nodes, however, the end-to-end packet
delay may greatly increase due to the multi-hop transmis-
sion, so this limitation is one of the main aspects currently
tackled in 3GPP Release-18, particularly for mobility sce-
narios [23]. Besides, the IAB architectures take advantage of
the increased bandwidth available on mmWave systems [24],
[25]. Another benefit is the higher flexibility in terms of
wireless network deployment and configuration with respect
to the 4G networks deployed in mmWave bands [26], [27].

Recently, several researchers focused on demonstrate the
potential and challenges of the IAB architecture in 5G
mmWave networks [28]. In [29], the authors presented the
design of an in-band full duplex mmWave IAB architec-
ture taking into account 3GPP features. To improve the
network performance, the authors proposed an RF code-
book design and RF effective channel estimation, a digital
self-interference cancellation algorithm, and baseband beam-
forming design. A mmWave over cable (mmWoC) archi-
tecture has been introduced in [30] allowing extend the
effective indoor coverage under the IAB network. It is worth-
while to mention the amount of research involving theoret-
ical aspects of the design of IAB architectures [24], [26],
[27]. Besides, several works have studied the link-level sim-
ulation of the mmWave backhaul network and the hardware

implementation still constitutes a significant challenge [28],
[31], [32]. It should be highlighted that the theoretical imple-
mentations and link-level simulations are really an important
way for studying algorithms and architectures. Nevertheless,
it is imperative that new research ideas can be developed
and evaluated in real-world environments through wireless
testbenches.

Recent research and development in the area of wireless
communications using software-defined radio (SDR) plat-
forms have been primordial in testing novel algorithms and
network architectures allowing a faster evolution and deploy-
ment of the proofs-of-concept in the 5G communication net-
works [32], [33]. Furthermore, our research team has demon-
strated the viability of employing the SDR together with
MatlabTM software in the cooperative 5G network implemen-
tation [34]. However, from the mmWave hardware develop-
ment, there are still toomuch practical challenges. In this con-
text, a critical issue is the phase noise (PN) introduced by the
local oscillator (LO) into the signal on both the transmitting
and receiving sides, which has been shown to increase with
the carrier frequency and is 20-40 times higher than for the
FR1 [35], [36].

A. CONTRIBUTIONS
In this paper, we focus on the improved system perfor-
mance based on an IAB architecture using a wireless test-
bench. Therefore, based on the above motivation, we design
and implement an out-of-band 60 GHz Layer 2 protocol IAB
network using SDR boards,MatlabTM tools, and Pasternack’s
60 GHz Transmitter (Tx) and Receiver (Rx) waveguide mod-
ules, allowing to help the communication between the source
and destination nodes. The contributions of this paper include
the following aspects:
• Development and implementation of the algorithms for
hardware implementation of an out-of-band Layer 2
node taking into account the FR1 and FR2 5G downlink
signals of the 3GPP standard in the backhaul link and
access link, respectively.

• Layer 2 protocol implements frequency synchroniza-
tion, error correction, search Cell-ID, and minimum
mean square error (MMSE) equalization algorithm,
allowing a practical correction of the received signal
through the backhaul link.

• A practical least square (LS) channel estimator has been
implemented at Layer 2 protocol considering two dif-
ferent physical channel reference signals standardized
by the 3GPP as pilot symbols: demodulation reference
signal (DM-RS) and channel state information reference
signal (CSI-RS).

• To mitigate the phase noise in the mmWave UE side,
we also implement the phase noise cancellation (PNC)
algorithm standardized by the 3GPP using phase track-
ing reference signal (PT-RS) [37].

• From the hardware perspective, the proposed IAB
mmWave testbench is comprised of USRPs from
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National Instruments and Ettus, RF splitters, 60 GHz
RF modules, and 60 GHz 24 dBi horn antennas from
Pasternack. MatlabTM has been employed for the imple-
mentation of physical layer (PHY) signal processing,
and media access control (MAC) layer in both FR1 and
FR2 standards.

• Measurements campaigns and scenarios in indoor-to-
indoor with non-line-of-sight (NLOS) environments are
introduced, as well as descriptions of the node positions
in the real-world scenarios and the main parameters of
the 5G downlink signal.

• The impact of the LS estimator employing both DM-RS
and CSI-RS pilot symbols is discussed according the
measured error vector magnitude (EVM). Besides,
we investigate the key performance indicators (KPIs)
in the proposed mmWave Layer 2 IAB network in two
NLOS scenarios, as well as a comparison with the
direct link. Finally, the proposed testbench has been
verified experimentally with Anritsu’s Field Master
Pro MS2090A high-performance spectrum and signal
analyzer.

B. OUTLINE
The rest of the paper is organized as follows. Section II
discusses the IAB aspects already standardized by 3GPP
for 5G NR and an overview of the IAB network in 5G
advanced wireless communications in future 3GPP Release-
18. In Section III, the system model of the proposed IAB
architecture for the 5G network based on Layer 2 protocol is
presented, and the channel estimation and phase noise com-
pensation algorithms are introduced. Section IV introduces
the design and implementation of the developed wireless test-
bench considering the proposed algorithms to implement the
mmWave Layer 2 protocol and mmWave UE node. Section V
details the measurements campaigns and Section VI analyses
and compares the key performance indicators of the proposed
IAB architecture with a traditional 5G network. At the end,
the conclusions of this paper are drawn in Section VII.

C. NOTATION
The set of complex number is denoted by C. Lowercase
boldface letters stand for vectors and uppercase boldface
letters designate matrices. For a vector or matrix, we denote
its conjugate, transpose, and conjugate transpose as (·)∗, (·)T,
and (·)H, respectevely. TheN×N identitymatrix is denoted by
IN. The statistical expectation operator, Hadamard product,
and Frobenius norm are denoted as E{·}, ⊙, and || · ||F,
respectively.

II. OVERVIEW OF IAB STANDARDIZATION
For many years, relay nodes have been a research topic
that has generated a great deal of interest in industry and
researchers. In early discussions about LTE, 3GPP defined
the types of relying technologies in the Release-10. How-
ever, due to the shortage of the existing LTE communica-
tion networks spectrum for backhaul, the LTE relay nodes

have been limited and restricted to a handful of commer-
cial deployments in the 4G networks timeline. As an evo-
lution of the relaying technologies, the 3GPP has standard-
ized the IAB architecture in Release-16 [18], which enables
the deployment of small cells without requiring additional
backhaul infrastructure. Release-16 is centered around the
physical layer specification and higher-layer protocols and
architectures. This is defined with the intention of reusing
existing 5G NR functions and interfaces, while also mini-
mizing the impact on the core network [18]. It should be
noted that the mmWave frequency band is the most signifi-
cant feature introduced for the IAB architecture, enabling the
use of a portion of the spectrum resources for the backhaul
link and considering the massive beamforming technique
[26], [27], [28].

The enhancements to Release-16 IAB was covered in the
Release-17 work item on IAB improvements [38]. Release-
17 focused on enhancing the IAB architecture in robust-
ness, latency, spectral efficiency, and end-to-end perfor-
mance. The IAB Release-17 work item had set an objec-
tive to enhance the capabilities of multiplexing transmissions
between backhaul and access links. This involves enabling
simultaneous distributed unit (DU) and mobile termination
(MT) operation within an IAB node, providing extended
possibilities for network communication. It should be noticed
that these multiplexing options can improve IAB efficiency
and reduce latency [28], [38]. Release-17 comprises several
enhancements regarding topology adaptation, which includes
improved robustness, load balancing, and reduced service
interruption time. These improvements are aimed at strength-
ening the network’s infrastructure, enhancing its capacity to
handle traffic fluctuations, and minimizing service disrup-
tions. To enhance backhaul robustness and efficiency in IAB-
based deployments, Release-17 proposed topology redun-
dancy allowing multiple parallel paths within the backhaul
connectivity. This enables more general topology, routing,
and transport enhancements, thereby improving the overall
efficiency of the IAB deployment [26], [27], [28], [38].

In recent researchers [23], [39], the authors provide an
overview of the approved work package for Release-18
(5G-Advanced) by 3GPP. This overview aims to provide
a comprehensive understanding of the ongoing develop-
ments and innovations in 5G technology, such as flexible
network topology that will exploit mobile IAB nodes and
radio frequency (RF) smart repeaters. Firstly, to facilitate the
deployment of mobile IAB nodes, Release-18 will define
topology adaptation procedures and mobility enhancements
for both IAB nodes and associated UEs. Additionally, mea-
sures for interference mitigation will also be specified to
ensure optimal network performance. These developments
aim to provide enhanced connectivity and mobility for users
in a dynamic network environment [23], [39]. The 3GPP will
conduct a study on RF repeaters to enhance their function-
ality within the network. As part of this study, RF repeaters
will be capable of receiving management control information
from the base station, including beamforming information,
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and TDD configuration, among other features [23], [39]. By
utilizing side control information such as beamforming
information, UL-DL TDD configuration, and on-off con-
trol information, network-controlled repeaters can perform
amplify-&-forward operation with better spatial directiv-
ity through beamforming, effectively mitigating unnecessary
noise amplification [23], [39].

III. MODEL SYSTEM
We consider a single-user (SU) downlink 5G transmission for
an IAB architecture using a mmWave out-of-band Layer 2
protocol with a total number of K subcarriers taking into
account the details of the 3GPP technical report in [40]. As
depicted in Fig. 1, the system architecture consists of three
nodes: one source (gNodeB), one IAB node (Layer 2 proto-
col), and a destination (UE). A source with NS

T antennas and
NS
T RF transmit chains communicates Ns data streams to the

IAB node. The Layer 2 protocol operates in half-duplex (HD)
mode, which is equipped with NR

R receive and NR
T transmit

antennas, as well as RF chains for the receive and transmit
stages, respectively. The user is equipped with ND

R antennas
and ND

R RF chains for reception.
At the source, let S ∈ CNs×K represents the modulated

data symbols matrix with E{SSH} = INs . After applying the
baseband and RF precoding W = MSTT ∈ CNS

T×Ns , the
transmitted signal from the gNodeB is given by

X =WS, (1)

where MST ∈ CNS
T×N

S
T is an RF precoder implemented by

two blocks: the first stage up-converts the baseband frequency
to FR1 (in this work 3.5 GHz has been considered) band
and the second one amplifies the transmitted 5G signal,
as detailed in Section IV. The symbol T ∈CNS

T×Ns represents
a digital baseband precoder. The power normalization in the
transmitter is denoted by ||MSTT||2F = KNS

T. At the Layer
2 protocol, the receive signal can be written as

Y1 = H1X+ N1, (2)

where H1 ∈ CNR
R×N

S
T denotes a gNodeB-to-Layer 2 protocol

sub-6 GHz channel matrix and N1 ∈ CNR
R×K is the complex

Gaussian noise matrix at the Layer 2 protocol with zero mean
and covariance E{N1NH

1 } = σ 2
1 INR

R
, where σ 2

1 describes the
noise variance. Then, the received symbols are processed
by a combiner MRR ∈ CNR

R×N
R
R followed by a baseband

combinerR ∈CNR
R×Nr . It should be noticed that the decoding

of the physical, control, and data channels, as well as channel
estimation and equalization algorithm are performed in the
combiner matrix taking into account the 3GPP standard [37],
as detailed in the following subsections. Therefore, the esti-
mated bits in the Layer 2 protocol (t̂) are first modulated
into M-QAM constellation symbols and mapped into Nr
streams Ŝ = [ŜT1 , ŜT2 , · · · , ŜTNr−1

, ŜTNr
]T ∈ CNr×K , where Ŝi

is the i-th stream and (·)T describes the transpose opera-
tor. Thus, a baseband precoder F ∈ CNR

T×Nr is applied to the
Nr symbol streams, so obtaining NR

T spatial symbol streams

B= [BT
1 ,BT

2 , · · · ,BT
NR
T−1

,BT
NR
T
]T = FŜ∈CNR

T×K . After that,

the precoded symbols streams {
∑NR

T
b=1 Bb} are converted into

length-K signals {
∑K

k=1 Bb[k]} through a serial-to-parallel
converter. Considering the Layer 2 protocol system model
illustrated in Fig. 1, the OFDM signal in frequency domain
is converted into OFDM symbols in time domain by means
of an inverse fast Fourier transform (iFFT), which can be
expressed as

vb[l] =
1
√
K

K−1∑
k=0

Bb[k]e
j2π lk
K , (3)

where l = 0, 1, · · · , K − 1. A cyclic prefix (CP) is added
to the iFFT output in order to eliminate the interference
caused by multipath propagation channel. The resulting time-
domain NR

T baseband signal streams are then up-converted
to the mmWave frequency band by means of NR

T RF chains
(MRT), where a component of phase noise (ejθ

t
b[l]) is added as

a multiplicative term due to the high oscillation frequency of
mmWave transmitter and θ tb[l] describes the rotation across
subcarriers during l-th OFDM symbol in transmission. From
the point of view of hardware implementation, the RF chains
are implemented through a software-defined radio board
and a mmWave Tx Pasternack unit [41], as described in
Section IV.
The received signal at the destination can be written as

Y2 = H22
tV+ N2, (4)

whereH2 ∈CND
R×N

R
T is the 60 GHz-mmWave channel matrix

between the Layer 2 protocol and UE node transporting
Nr × K signals,2t

∈CNR
T×N

R
T is a diagonal matrix formed by

the spectral phase noise components, V = MRTB ∈ CNR
T×K

is the transmitted signal from the Layer 2 protocol freedom
of phase noise and derived from (3), and N2 ∈ CND

R×K is
the complex Gaussian noise matrix at the destination node
with zero mean and covariance E{N2NH

2 } = σ 2
2 IND

R
, where

σ 2
2 describes the noise variance. At the UE node, the incom-

ing signals in (4) are received by ND
R antennas, which are

down-converted to baseband through ND
R RF chains where

the phase noise at the destination is introduced and defined as
ejθ

r
a[l]. In phase noise term, θ ra[l] denotes the rotation across

subcarriers during l-th OFDM symbol in reception. Thus,
the CP is removed and the OFDM demodulation is per-
formed. Finally, a baseband matrix G ∈ CND

R×Nd is applied
and from (4) the estimated data can be written as

Ỹ2 = GH2rMH
DRY2

= GH2rMH
DR(H22

tV+ N2)

= GH2rMH
DRH22

tV+GH2rMH
DRN2

= S̃+ Ñ2, (5)

where S̃ = GH2rMH
DRH22

tV ∈ CNd×K represents the
desired signal streams and Ñ2 = GH2rMH

DRN2 ∈ CNd×K

term represents the noise in the access link. From (5),
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FIGURE 1. Simplified hardware block diagram of out-of-band mmWave Layer 2 protocol in the IAB architecture with transmitted and received
phase noises.

2r
∈ CND

R×N
D
R denotes a diagonal matrix, whose diagonal

entries are {ejθ
r
a[l]|a = 1, 2, · · · ,ND

R}, MDR ∈ CND
R×N

D
R is

an RF combiner capable of performing the down-conversion
from 60 GHz frequency band to baseband. It should be
highlighted that in wireless communications in the 60 GHz
frequency band the large phase noise from the frequency
synthesizer with phase locked loop (PLL) ocurs, which
in this work is considered in the 60 GHz Pasternack
transceiver. Therefore, OFDM modulation schemes with
M-QAM are degraded by phase noise as presented in the
system model. In this sense, a phase noise compensation
has been implemented in the G combiner matrix taking
into consideration block-type pilot symbols, as presented in
Subsection III-B.

A. CHANNEL ESTIMATION IN THE LAYER 2 PROTOCOL
WITH DM-RS AND CSI-RS
Consider the received signal in (2) and the block diagram in
Fig. 2, at the Layer 2 protocol. Firstly, a down-conversion
from the FR1 frequency band to baseband is performed. Con-
sequently, a synchronization and timing offset compensation
is done through cross-correlating the input signal with a
reference waveform. After that, the cyclic prefix is removed
and resultant samples are changed from serial to parallel
signals. Thus, by performing a fast Fourier transform (FFT)
on the received signal we get the relation

y1s[l] =
K−1∑
k=0

Y1s[k]e
−j2π lk
K . (6)

Based on the 3GPP standard, pilot samples are added in
the gNodeB for use in the channel estimation block, whose
pilot signals are extracted from the frequency domain signal

as their positions are known to the receiver. Therefore, (2)
is composed of data information and pilot symbols, so if we
consider only the pilot samples in an OFDM symbol, (2) is
now written as

Y1p[s, k] = H1p[s, k]Xp[s, k]+ N1p[s, k], (7)

where H1p[s, k] is the matrix of channel coefficients cor-
responding to pilot symbols, Xp[s, k] ∈ CP×P denotes the
transmitted pilot symbols, andN1p[s, k] are the noise samples
in frequency domain. The symbols s and k are the OFDM
symbol index and the subcarrier index, respectively. Con-
sidering the LS estimator block, the LS channel estimation
algorithm using (7) can be simply given by

Ĥ1p[s, k] = XH
p [s, k]Y1p[s, k]. (8)

In 5G NR, 3GPP has standardized the demodulation ref-
erence signals and the channel state information reference
signal to be used as pilot symbols to facilitate channel esti-
mation [37]. In this work both of DM-RS and CSI-RS pilot
symbols have been implemented for estimating the propa-
gation channel in the Layer 2 protocol. Consequently, based
on [37], a sequence generation has been defined by

r(n) =
1
√
2
[1− 2c(2n)]+ j

1
√
2
[1− 2c(2n+ 1)], (9)

where c(n) is a pseudo-random sequence of length-31 that can
be written as

c(n) = [x1(n+ NC )+ x2(n+ NC )]mod2, (10)

where NC = 1600, x1(n + 31) = [x1(n + 3) + x1(n)]mod2,
and x2(n + 31) = [x2(n + 3) + x2(n+ 2) + x2(n + 1) +
x2(n)]mod2. Besides, mod represents the modulo operator
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FIGURE 2. Block diagram for the pilot samples selection in the LS estimator on the Layer 2 protocol.

and the 31-first sequences x1(n) and x2(n) should be initial-
ized, respectively, as follows

x1(n) =

{
1, n = 0
0, n = 1, 2, · · · , 30

(11)

and

cinit =
30∑
i=0

x2(i)2i. (12)

The value of cinit depends on the application and in our case
is used estimating the wireless propagation channel using
the DM-RS and CSI-RS. Therefore, when the DM-RS is
implemented in the LS estimator block, the pseudo-random
sequence generator is calculated by

cdmrsinit = [217(Nn + s+ 1)(2N nSCID
ID + 1)

+ 2N nSCID
ID + nSCID]mod231, (13)

where Nn = N slot
symbn

µ
f with N slot

symb = 14 being the number
of OFDM symbols in one slot, nµ

f = 10 represents the slot
number within a frame, and s describes the OFDM symbol
index. On the other hand, N 0

ID, N
1
ID ∈ {0, 1,2, · · · , 65535},

and nSCID ∈ {0,1}.
Similarly, we also consider the CSI-RS pilot symbols to

estimate the effect of the established propagation channel
between the gNodeB and Layer 2 protocol. Thus, by assum-
ing the sequence generation in (9), pseudo-random sequence
in (10), and the x1(n) initialization in (11), we can generate
the CSI-RS signals considering the pseudo-random sequence
generator ccsirsinit as [45]

ccsirsinit = [210(Nn + s+ 1)(2nSCID + 1)

+ nSCID]mod231, (14)

where two types of CSI-RS pilot symbols have been defined
in 3GPP [37], the first one zero-power (ZP) and the second
one non-zero-power (NZP).

B. PHASE NOISE CANCELLATION IN THE
MMWAVE UE NODE
At the UE node, the obtained signal before the CP-OFDM
demodulator and baseband combiner G stages can be rewrit-
ten as

Ŷ2 = 2⊙ ZV+ N̂2, (15)

where N̂2 = 2rMH
DRN2 is the additive noise (considers

the inter-carrier-interference (ICI)), Z =MH
DRH2, ⊙ denotes

the Hadamard product, and 2 = {2a,b} ∈ CND
R×N

R
T for

convenience is given by [42] and [43]

2a,b =
1
K

K−1∑
l=0

ejθ
r
a [l]

1
K

K−1∑
l=0

ejθ
t
b[l] ≈ ej(θ̃

r
a+θ̃ tb), (16)

where the approximation in (16) fits if the deviation in an
OFDM symbol is very small, as demonstrated in [43]. In
this sense, θ̃ ra and θ̃ tb describe the rotation across subcarri-
ers during that OFDM symbol. To estimate the impact of
phase noise that the local oscillator at the Layer 2 protocol
and UE receiver have introduced, phase tracking reference
signals have been implemented. The idea is to allocate a
frequency contiguous block of this reference signal, allowing
estimating phase noise introduced at the Layer 2 protocol
(transmitter) and UE node (receiver), improving the link per-
formance [44]. PT-RS allows the suppression of phase noise
and common error, so according to (15) and assuming that the
mmWave propagation channel is invariant during a slot, the
received signals for subcarrier k in the d-th and s-th symbols
with s > d can be written as

Ŷ2[d, k] = 2[d]⊙ Z[d, k]V[d, k]+ N̂2[d, k] (17)

and

Ŷ2[s, k] = 2[s]⊙ Z[s, k]V[s, k]+ N̂2[s, k] (18)

respectively. Therefore, considering the inserted total number
of PT-RS pilot symbols M , the difference of phase error in
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symbol d and s can be obtained as [45]

θ̂ = angle{
M∑
k=1

Ŷ∗2[d, k]Ŷ2[s, k]}, (19)

where θ̂ is the rotating phase noise angle obtained using
2[d] ⊙ Z[d, k] through the LS channel estimator, besides,
we get the channel affected by the phase noise of all data
symbols. Taking into account [37], the k-th PT-RS can be
mapped in physical resources as

k = kREref + (iKPT-RS + kRBref )N
RB
sc , (20)

where i = 0, 1, 2, . . ., kREref is calculated for the DM-RS port
associated with the PT-RS port, KPT-RS ∈ {2,4}, NRB is the
resource block number allocated for the physical downlink
shared channel transmission, NRB

sc is the number of subcarri-
ers per resource block, and kRBref is given by

kRBref

=

{
nRNTImodKPT-RS ifNRBmodKPT-RS = 0
nRNTImod(NRBmodKPT-RS) otherwise,

(21)

where nRNTI is the radio network temporary identifier number
associated with the downlink control information.

IV. HARDWARE PLATFORM
In this section, a hardware implementation testbench based
on software-defined radio platform is proposed for the
Layer 2 IAB network. It should be highlighted that the
IAB standardization has been more focused on the adoption
of mmWave FR2 bands in the backhaul link, nevertheless,
it could also operate in sub-6 GHz FR1 frequency bands.
Our work provides a sub-6 GHz band in the backhaul link
and 60 GHz in the access link, as considered in [46] and
[47]. However, in future lines of research, the authors will
improve the proposed IAB platform to consider a 26 GHz
backhaul link.

Fig. 3 shows the schematic diagram of hardware compo-
nents. As shown in the figure, the software implementation
of the proposed high-level architecture baseband unit for
60 GHz-mmWave Layer 2 IAB network has been written in
MatlabTM using the 5G communication ToolBox. The pro-
posed testbench comprises three major nodes: the gNodeB,
the RN implementing the mmWave Layer 2 protocol, and the
UE. On the gNodeB-side setup, one host PC generates the
baseband 5G downlink signal using the MatlabTM software,
which is routed to the NI-USRP 2944R for frequency up-
conversion via 10 Gigabit ethernet cable. The connection
between the PC and USRP is performed by means of the
NI-IMAQdxGigE vision high-performance driver, a 10Giga-
bit ethernet card for desktop, and 10 Gigabit ethernet cable. In
addition, to the output of the USRP in the gNodeB we added
the ZHL-1042J power amplifier (PA) to extend the coverage
of the mmWave IAB network, as adopted in [48].

On the gNodeB hardware described above, we imple-
mented a 5G downlink signal PHY to support the data sym-
bols from the gNodeB to the Layer 2 protocol and UE node.
We implemented a 64-QAM modulation scheme over 52
allocated resource blocks (RBs) (each RB contains 14 sym-
bols in the time domain and 12 subcarriers in the frequency
domain), and a subcarrier spacing of 15 kHz. In the CP-
OFDM modulation, we used 1024 FFT points and a normal
cyclic prefix corresponding to the 10 MHz of bandwidth of
the emulated 5G signal. Furthermore, we have performed
20 transmissions, and in each transmission 80 frames are sent.

The mmWave Layer 2 protocol receives the transmit-
ted 5G signal from the gNodeB at the carrier frequency
Fc = 3.5 GHz. This function is performed through the
receiver stage of one x310 SDR, which is connected
to another PC via 10 Gigabit ethernet cable. On the
mmWave D&F strategy, we have developed the decoding
and encoding stages (baseband unit) of the received signal
through the implemented algorithms, which are detailed in
Subsection IV-A. When the signal to re-transmit from the
mmWave Layer 2 protocol is ready, it is sent to the UE by
means of the mmWave Tx RF front-end. Then, the host PC
is connected to the Tx stage of the x310 via a 10 Gigabit
ethernet cable. The x310 platform is configured to Tx mode
and converts the digital FR2 5G downlink signal to analog
intermediate frequency (IF) signal to 470 MHz. The single
I/Q waveform output of x310 is connected to the RF variable
attenuator (50v70 SMA), which is fixed to 30 dB. After
that, the attenuated signal is streamed to the mmWave stage
through the ZFSCJ-2-S+ Power Splitter/Combiner (blockA)
to achieve the I (in-phase) and Q (quadrature) outputs. Then,
I and Q components are up-converted to the 60 GHz unli-
censed spectrum band through a VµbIQ Pasternack 60 GHz
Tx RF frontend [41]. The input of the Pasternack 60 GHz
Tx RF frontend is connected to the differential I/Q signals
obtained from the ZX10Q-2-3-S+ Power Splitter/Combiners
(block B), operating from 220 MHz to 470 MHz, as pre-
sented in Fig. 3. Furthermore, the Pasternack Tx Unit is
connected with a horn antenna by means of a WR-15 waveg-
uide interface, and in this work the horn antenna has 24 dBi
gain. The Pasternack Tx Unit is a commercially available
60 GHz front-end that can be configured through a univer-
sal serial bus (USB) interface connected to a host personal
computer (PC) [41]. The software program allows choosing
multiple parameters, for example, carrier frequency and the
attenuation values. It should be highlighted that an external
clock source is not necessary because the system provides an
internal oscillation clocking operating at 308.571 MHz.

The UE-side consists of several sub-modules including
sub-6 GHz/60 GHz mmWave down-converters and baseband
processing, as depicted in Fig. 3. The proposed UE mod-
ule considers both direct and access links to evaluate and
demonstrate the benefits a Layer 2 protocol in 5G wire-
less communication. As depicted in Fig. 3, the UE-side
captures the transmitted signal from the gNodeB when the
switch is in the DL position. In this case, the physical layer
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FIGURE 3. Hardware implementation testbench for Layer 2 IAB network and direct link between gNodeB-to-UE connection.

functionalities are implemented using the NI-USRP 2944R
platform, specifically the RF1-Rx2 board. From the software
environment, the DL position activates the FR1 algorithms
dedicated to the channel decoding, descrambling, demodula-
tion, and de-mapping of the received 5G signal.

On the other hand, the UE implementation has the AL
position, which allows reserving the hardware resources and
the baseband algorithms associated with the access link. As
illustrated in Fig. 3, when AL is established the I/Q signals
transmitted by the mmWave Layer 2 protocol through the
PasternackRxUnit are received. The PasternackRxUnit is an
inverse connection of the Pasternack Tx Unit, where the horn
antenna of 24 dBi of gain is connected to Pasternack 60 GHz
RF frontend to convert the RF signal to the IF signal. Next, the
differentials I/Q are combined through the splitters block, and
the IF is then converted to the baseband 5G signal by one NI-
USRP 2944R connected to the PC via a 10 Gigabit ethernet
cable. Finally, the FR2 algorithm developed in MatlabTM

performs the decoding of the received signal from mmWave
Layer 2 protocol and obtains multiple metrics to evaluate the
mmWave IAB architecture performance and to compare the
relay link with the direct one.

A. LAYER 2 PROTOCOL DESCRIPTION
In this subsection, we introduce the mmWave Layer 2 proto-
col implementation. Fig. 4 shows the schematic diagram of
the proposed out-of-band mmWave D&F protocol. As shown
in the figure, the first step is the radio frequency part which
receives the signal from the BS through the RF 0-Rx2 of
the Ettus x310 board. In Fig. 4, NR Basic Structure is the
first block in the baseband processing having as inputs the

FIGURE 4. Schematic diagram of the proposed out-of-band mmWave
Layer 2 protocol.

sample rate of the x310 board (Rc
p) and the received 5G

signal after the Ettus x310 board (Ŷ1 =MH
RRY1). The output

(INROFDM) contains the features of the received signal such as
the cyclic prefix, the desired number of FFT points to use in
the OFDM demodulator, and other information to start the
signal synchronization.

52956 VOLUME 11, 2023



R. Verdecia-Peña et al.: Flexible mmWave Layer 2 Protocol Implementation for IAB Architecture

For initial access, the out-of-band mmWave D&F protocol
initiates the cell search procedure. Therefore, considering
the primary synchronization signal (PSS), secondary syn-
chronization signal (SSS), and developed synchronization
algorithms, the D&F protocol can estimate and correct the
frequency and time offsets in the Correlation Detector block,
and the resultant waveform is defined asRfc

x . Layer 2 protocol
flowchart detects the PSS reference signal, which consists of
three 127-symbolsm-sequences and it is allocated on the first
symbol of each SSB and on 127 subcarriers. Thus, the three
sector ID groups are computed through a cross-correlation
operation and the sector ID group (N2

ID) with the highest
correlation is selected. After decoding the PSS, the D&F
protocol estimates and eliminates any significant frequency
derivation, which allows decoding the SSS reference signal
and the detection of the Cell ID group N1

ID using the detected
sector ID group N2

ID. It should be noticed that the above
procedures are also performed into the Correlation Detector
block.

Taking into consideration N1
ID and N2

ID, the pro-
posed 60 GHz-mmWave protocol can compute the serving
physical Cell ID (NC

ID) and so identifies the candidate SSB
within the SS burst. In addition, once demodulated the cor-
rected received signal in time/frequency (Rfc

x ) and detected
NC
ID, the resource grid (RG) resultant from CP-OFDM

demodulation of the Rfc
x signal is used to extract the PBCH

DM-RS and is correlated with each reference PBCH DM-
RS. It should be highlighted that the decoded DM-RS can
be employed to estimate the reference signal received power
(RSRP) of the detected SSB. Furthermore, it can be used for
beam measurements. The estimated channel matrix (ĤSSB),
estimated noise matrix (N̂SSB), and RG are used to extract
the received PBCH symbols from the SS/PBCH block and
this step is implemented in the Broadcast Channel Decode
block depicted in Fig. 4. Besides, MMSE equalization is per-
formed on the PBCH symbols employing estimated channel
and noise information after obtaining the subcarriers of the
PBCH. Then, this block demodulates and descrambles the
equalized PBCH symbols (RGPBCH

RE ). After that, the D&F
protocol decodes the master information block (IMIB), which
is the output of the Broadcast Channel Decode block. So,
after decoding, the protocol knows the sample timing within
the full frame and can decode the full received signal (Ŷ1).
Algorithm 1 performs the decoding of the control, refer-

ence, and data channels. The algorithm starts to resample to
the nominal sampling rate and to adjust the timing offset to the
frame origin by the To

c(·) function. The CP-OFDM demod-
ulation on full bandwidth is realized by the nrCPofdm

d (·)
function, where NC

ID, IMIB, and INROFDM are required as input
parameters. The decoding of the control and data channels
are performed in each slot and Nfr and Nsl describe the
frame and slot number, respectively. Therefore, the Rsub

x
matrix stores the resource grid slot temporarily depending on
Nfr and Nsl . As explained in Subsection III-A, we designed
and implemented a least square channel estimation over the
data channel. In this work, two types of pilot samples are

Algorithm 1 NR Decode FR1 Algorithm.

Input : Ŷ1, NC
ID, I

NR
OFDM, IMIB, Ps

Output: t̂
Rc
x = To

c(Ŷ1, frameoffset);
Y = nrCPofdm

d (Rc
x,N

C
ID, IMIB, INROFDM);

t̂ = [ ] and Nfr = size(Y);
for nfr← 0 : Nfr − 1 do

Rfr
x = Y(:, (10∗ sps ∗nfr +1) : (nfr +1)∗10∗ sps , :);

for nsl← 0 : Nsl do
Rsub
x = Rfr

x (:, (s
p
s ∗ nsl + 1) : (nsl + 1) ∗ sps , :);

Normalization of Rsub
x ;

if Ps == dm-rs then
Xp = NR-PDSCHdm-rs

sym (INROFDM, IMIB);
else

Xp = NR-PDSCHcsi-rs
sym (INROFDM, IMIB);

[Ĥ, N̂] = NRLS
Es (R

sub
x ,Xp);

Ŷ = (ĤHĤ+ N̂)−1ĤHRsub
x ;

[dci] = NR-PDCCHd(Ŷ,Ĥ, IMIB);
[dlschb,pdschs] = NR-PDSCHd(Ŷ,Ĥ,
dci,IMIB);
[datab] = NR-DLSCHd(dlschb, pdschs, IMIB);
[t̂] = Cat(t̂,datab);

proposed to perform the estimation of the propagation chan-
nel, one considers the channel state information reference
signal, specifically, based on non-zero-power CSI-RSs with
a density equal to 3; in the second one, the demodulation
reference signals are also taken into account to estimate the
backhaul link. It should be noticed that, the main idea behind
these implementations is to determine the best pilot samples
to achieve a good channel estimation and better performance
in the Layer 2 protocol. In the implementation of the Layer 2
protocol, the designing and allocation of DM-RS and CSI-RS
will be presented in Section V and fulfilled with the standard-
ization of 3GPP (TS38.211). In Algorithm 1, Ps is the variable
that defines which pilot samples will be employed for the LS
estimator, so Ps = dm-rs selects the DM-RS pilot symbols
and with Ps = csi-rs the CSI-RS pilots are considered. In
order to minimize the effects of noise and channel distortion,
Algorithm 1 implements the MMSE technique over Rsub

x
considering a single antenna.

After the steps described previously, Algorithm 1 is ready
to decode the control and data downlink channels, as well
as determining other reference signals in each time slot
(Nsl). It should be highlighted that the low-density parity-
check (LDPC) method has been considered to decode the
DL-SCH channel, which fulfills the 3GPP standard. Besides,
in the proposed algorithm, the sub-indice (·)d in the functions
describes the processes of decoding. The the sub-indice (·)b

and (·)s in the output of the functions represent data bits
and data symbols, respectively. Finally, t̂ denotes the data
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Algorithm 2 NR Encode FR2 Algorithm.

Input : t̂, INRFR2
Output: B
c = Ec

FR2(I
NR
FR2);

Ŝ = [ ];
for nfr ← 1 : Nfr do

for nsl ← 1 : Nsl do
c.nSlot = nsl
c.nFrame = nfr
[dlschbtx] = NR-DLSCHc(t̂, c, INRFR2);
[Ŝ] = NR-PDSCHc(dlschbtx, c, I

NR
FR2);

[pdcchstx] = NR-PDCCHc(c, INRFR2);
Coreset and Search Space Configuration→ Dc

s
[b] = NR-Pc(dlschbtx, Ŝ, D

c
s);

[B] = Cat(B, b);
[B] = nrCPofdm

m (B, c, INRFR2);
ssb = NR− SSB(c, INRFR2);
[B] =Mssb

c (B, ssb);

bits vector estimated in Algorithm 1 and retransmitted to the
destination using the Algorithm 2.

In the NR Basic FR2 Structure block, the FR2 5G sig-
nal parameters, and their default values are defined (INRFR2).
We adopt the 120 kHz subcarrier spacing of 5G numerolo-
gies, with 40 slots per frame, 4 slots per subframe, and
14 symbols per slot. The allocated resource blocks per frame
are 66, with normal cyclic prefix, and 61.44 MHz of samples
rate. We assume a frequency division 5G duplex scheme,
in which the data channel uses Q-PSK modulation with 1/3
target code rate. Considering the above parameters, the imple-
mented FR2 5G signal in the transmitting stage of the Layer 2
protocol has a 50 MHz channel bandwidth. As shown in
Fig. 4, INRFR2 is the output of theNRBasic FR2 Structure block,
which carries all configuration parameters to perform the
encode of data, control, reference signal, and physical chan-
nels, as well as the CP-OFDM modulation in Algorithm 2.
Based on the Layer 2 protocol defined by the 3GPP in

the IAB architecture, the NR encoded FR2 signal is shown
in Algorithm 2. In line 1, the algorithm is initialized with
two input parameters: t̂ stores all data bits that will be
transmitted by the protocol and INRFR2 provides all configura-
tion to generate the FR2 signal. Furthermore, in line 3, the
algorithm defines the Ec

FR2(·) function that extracts the set
wave type and data channel numerology, thus identifying the
subcarrier spacing and the CP type. More specifically, the
c structure supports the main configuration of the proposed
algorithm. Given the defined variables, two steps are exe-
cuted iteratively. The first step takes into account the number
of frames retransmited to the user equipment. In this step,
the first task is to execute the second step that considers
the number of slots per frame, in which the dlsch bits are
obtained, and so are generated data symbols (Ŝ) in each
slot through the NR− PDSCHc(·) function. After that, the

control channel symbols are generated considering the INRFR2
and c configurations. The NR− Pc(·) function maps each
channel in the resource grid and b stores the output subframes
of the NR− Pc(·) function. Accordingly, concatenating each
subframe is performed by means of the Cat(·) function, from
which all frames retransmitting are saved.

Finally, the B is the resultant FR2 waveform that has
been obtained through the nrCPofdm

m (·), NR− SSB(·), and
Mssb

c (·) functions. The following step includes the hardware
transmission implementation, as can be seen in the flowchart
of the proposed Layer 2 protocol. Taking into account the
hardware description in this section, B is transmitted by the
RF1-Tx1 Ettus x310 board, which has been configured to Tx
mode and converts the digital retransmitted signal to analog
intermediate frequency. The IF signal attacts one splitters
chain, which achieves a differential I/Q that is connected to
the input of Pasternack 60 GHz Tx RF frontend. From the
matrices model, the transmitted signal to the output of the
mmWave transmitter is given by V =MRTB.
Fig. 5 presents the spectrogram of the generated FR2

5G downlink baseband waveform to the output of the
Algorithm 2. From Fig. 5, it is possible to observe the
allocation of resource blocks in one frame (10 ms) and in
the frequency domain it is possible to verify the 50 MHz
bandwidth of the mmWave 5G signal implemented in the
Layer 2 protocol to forward the decoded bits of the backhaul
link to the UE node. Furthermore, the most important block
for the synchronization between the Layer 2 protocol and the
EU side is shown in the inset graph, which corresponds to
the SS block that consists of four consecutive OFDM sym-
bols with 240 subcarriers each. It should be noticed that the
synchronization/PBCH block (SSB) is transmitted in a burst
known as SS burst, which in our usage case is transmitted in
each first half of a 10 ms frame as can be seen in Fig. 5. The
block pattern implemented in the Layer 2 protocol is theCase
D with the maximum number of beams equal to 64, however,
in our development 1 SS burst has been exploited because the
proposed platform has only one UE receiver. Besides, consid-
ering the 3GPP standard, one SSBwith 120 kHz of subcarrier
spacing has been configured, in which the first symbols of the
designed SS/PBCH block have indexes {4, 8, 16, 20}+28×n
with n = [1, 2, · · · , 18]. On the other hand, the resource
blocks that are allocated to other channels are visible in Fig. 5,
for example, the data channel.

In order to evaluate the correct operation of the mmWave
signal implemented in the Layer 2 protocol, several tests have
been performed at the output of the 30 dB attenuator. Thus,
Fig. 6 shows the real-time spectrum analyzer of the imple-
mented FR2 signal through the Anritsu instrument. From the
figure, we can conclude that the spectrum of the transmitted
signal complies with the 3GPP requirements, where it is
clearly defined in three zones: transmission bandwidth, OOB
emission, and the far spurious domain. According to the
3GPP standard [40] and experimental tests carried out in our
lab [48], a spectrum mask that does not be clearly defined
significantly degrades system performance.
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FIGURE 5. Representational figure illustrating the resource block
allocation in a frame of the transmitted FR2 signal.

FIGURE 6. RTSA spectrum of the transmitted FR2 5G signal to the output
of the x310 board in the Layer 2 protocol.

In Fig. 7, the SSB demodulation of the FR2 5G sig-
nal implemented in the Layer 2 protocol measured by the
MS2090A Anritsu spectrum analyzer is presented. It can be
seen on the left edge of the figure that the signal characteris-
tics shown in the instrument correspond to those implemented
in the FR2 signal (bandwidth = 50 MHz and subcarrier
spacing = 120 kHz). Other data that demonstrate the right
functioning are the green LEDs indicating that there is com-
plete synchronization and demodulation between the trans-
mitting side in the implemented protocol and the spectrum
analyzer. For example, the EVM [%] of PSS and SSS are
0.90 and 0.80, respectively, and the EVM values of the PBCH
and the demodulation reference signals associated with the
PBCH are 3.09% and 0.16%, respectively.

The PBCH decoding is shown in the Fig. 8. The measure-
ment from Fig. 8 validates that the EVM [%] of the broadcast
channel is considerably low (3.06) in comparison with the
requirements of the 3GPP [40]. The physical Cell ID = 0 of
the Tx stage implemented in the Layer 2 protocol and its time
and frequency offset have been detected and are perfectly
correctable with the time and frequency offset correction
algorithms developed in theUE node. Finally, from the figure,
it can be corroborated that only one beam (0) has been acti-
vated as explained in Algorithm 2.

FIGURE 7. SSB demodulation of the transmitted FR2 5G signal to the
output of the x310 board in the Layer 2 protocol.

FIGURE 8. Constellation of the FR2 signal transmitted to the output of the
x310 board in Layer 2 protocol.

B. UE NODE IMPLEMENTATION
In this subsection, we present the UE node hardware imple-
mentation supporting 3.5 GHz and 60 GHz frequency
bands. Fig. 9 shows the proposed block diagram of the UE
node for the IAB network. In this implementation, we con-
sider the PHY and MAC layers. From Fig. 9, it can be
seen that the implementation is carried out in two stages,
respectively, hardware and software steps. In addition, the
UE node processes the 5G signal received from the gNode
side and the Layer 2 protocol separately. The idea behind this
approach is to demonstrate the benefits that can be introduced
when the IAB architecture is employed in a 5G network.

Assuming that the Link Selection block determines which
link is selected at the UE node. So, let Ls = DL, in this case,
the UE node will receive a 5G signal from the gNode side
(direct link). From the hardware device, the RF 1-Rx2 side
into the NI-2944R board is activated to receive the 3.5 GHz
frequency band. Therefore, the baseband signal ŶUE = Ŷ3
in the software stage is considered. The processed 5G signal
(Ŷ3) at the Baseband Unit block is given by

Ŷ3 = M̃H
DR(H3X+ N3), (22)

where M̃DR denotes the RF combiner that down-converts
the received FR1 signal in the 3.5 GHz antenna to baseband
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FIGURE 9. Block scheme of the proposed UE node with link selection.

frequency. H3 is the channel matrix between the gNode and
the destination node and N3 is the noise matrix at the UE
node. On the other hand, when Ls =AL the UE node captures
signal from the mmWave Layer 2 protocol as can be seen in
Fig. 9. Thus, from hardware stage, the RF 0-Rx2 side in the
NI-2944R is activated and the 60GHz Pasternack Rx captures
the mmWave signal from the Layer 2 protocol.

From the software stage, the output of NR Basic Structure
block (INROFDM) is obtained depending on the Ls block. After
that, the Correlation Detector and Broadcast Channel
Decode blocks are processed. After the steps described previ-
ously, Algorithm 3 is executed taking into account the follow-
ing inputs: ŶUE is the received signal after the RF combiner
considering the Link Selection block, the detected physical
Cell ID NC

ID, the information of the master information block
(IMIB) got through the output of the Broadcast Channel
Decode block, and the INROFDM carries out the information
to demodulated the OFDM received signal considering the
Link Selection block. In Algorithm 3, it is firstly performed
resampling to the nominal sampling rate and adjusted to the
frame origin through the To

c(·) function. Once the received
signal is corrected, full bandwidth CP-OFDM demodulation
is performed using the nrCPofdm

d (·) function. It can be seen
in Algorithm 3 that the main loop processes the total number
of demodulated frames (Y).

Algorithm 3 NR Decode UE Algorithm With PNC.

Input : ŶUE, NC
ID, I

NR
OFDM, IMIB, Ls

Output: [ỹbUE, ỹsUE]
Rc
x = To

c(ŶUE, frameoffset);
Y = nrCPofdm

d (Rc
x,N

C
ID, IMIB, INROFDM);

ỹbUE = [ ] and ỹsUE = [ ];
Nfr = size(Y);
for nfr ← 0 : Nfr − 1 do

if Ls == AL then
Rfr
x = Y(:, (nµ

f ∗ s
p
s ∗ nfr + 1) :

(nfr + 1) ∗ nµ
f ∗ s

p
s , :);

else
Rfr
x = Y(:, (nµ

f ∗ s
p
s ∗ nfr + 1) :

(nfr + 1) ∗ nµ
f ∗ s

p
s , :);

for nsl ← 0 : Nsl do
Rsub
x = Rfr

x (:, (s
p
s ∗ nsl + 1) : (nsl + 1) ∗ sps , :);

Normalization of Rsub
x ;

Sdm-rs
p = NR− PDSCHdm-rs

sym (INROFDM, IMIB);
[Ĥ, N̂] = NRLS

Es (R
sub
x ,Sdm-rs

p );
Ŷ = (ĤHĤ+ N̂)−1ĤHRsub

x ;
if Ls == AL then

[Zp, Ĥp] = Enr
p (R

sub
x ,Ĥ);

Ẑp = (ĤH
p Ĥp + N̂p)−1ĤH

p Zp;
[rpnc] = NRLS

Es (Ẑp, I
ptrs
ind , Iptrssym);

θ̂ = An(rpnc);
for k ← 1 : K do

for s← 1 : N slot
sym do

Ŷk
s (nsl) = Ŷk

s (nsl)×e
−1j×θ̂ks ;

[dci] = NR-PDCCHd(Ŷ,Ĥ, IMIB);
[dlschb,ss] = NR-PDSCHd(Ŷ,Ĥ, dci,IMIB);
[bb] = NR-DLSCHd(dlschb, ss, IMIB);
[ỹbUE] = Cat(ỹbUE,b

b);
[ỹsUE] = Cat(ỹsUE,s

s);

In the main loop proposed in Algorithm 3, we extract one
frame fromY depending onwhether direct link (DL) or access
link (AL) is selected. Thus, the second main loop in algorithm
considers the number of slot per frame. At this point, the
DM-RS pilot symbols are extracted from theRsub

x slot, allow-
ing the least squares channel estimation to be performed and,
after that, the equalization is executed. Now, if the mmWave
access link is considered, the proposed phase noise cancel-
lation step is performed. As presented in Subsection III-B,
the implemented PNC algorithm has been developed using
PT-RS pilot samples as defined by the 3GPP standard that
have been embedded in the retransmitted signal from the
Layer 2 protocol. So, Enr

p (·) function extracts the received
PT-RS (Zp) and the estimated channel (Ĥp) associated to
the PT-RS pilot samples in the slot nsl . Using the MMSE
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FIGURE 10. Hardware implementation testbench for Layer 2 IAB network and direct link between gNodeB-to-UE
connection.

equalizer, PT-RS signals are equalized to mitigate the chan-
nel and noise effects. Employing NRLS

Es (·) function, we can
estimate the residual channel at the PT-RS locations in the
Rsub
x slot. Later on, one sum estimates across subcarriers

is performed and after that the θ̂ value is computed using
the angle of the resultant sum as defined in (19). Finally,
each OFDM symbol is corrected employing the θ̂ value as
observed in Algorithm 3.

In the last step in Algorithm 3, we execute the decoding of
control, physical, and data channels, as well as determining
other reference signals of the 5G downlink signal in time
(nsl). Furthermore, LDPC technique has been considered in
DL-SCH decoding. The estimated symbols and estimated bits
are obtained and stores in ỹsUE and ỹbUE, respectively. Thus,
in the KPIs block from the proposed UE block diagram is
performed, and obtained the metrics to compare the direct
link and access link performance.

V. MEASUREMENTS CAMPAIGNS AND SIGNAL
PARAMETERS
In this section, we define the experimental scenario of the
hardware implementation testbench for the Layer 2 coop-
erative 5G network proposed in this paper. Field trial tests
are conducted in a local area and shown in Fig. 10. There
are three typical scenarios where the UE node receives
signal. In the 5G network-based downlink IAB architec-
ture proposed, NS

T = NR
R = NR

T = ND
T = 1 antennas are

considered. The established channel between each node in
the developed network occurred in an indoor propagation
environment.

The experiments were carried out in the fourth floor of
building C of the E.T.S.I de Telecomunicación, Universidad
Politécnica de Madrid (UPM). The measurements were per-
formed in an indoor-to-indoor hall and its layout is shown
in Fig. 10. It can be seen in Fig. 10 that gNodeB presents
NLOS propagation channels with respect to the UE posi-
tions. In addition, we have established the most critical
deployments of the D&F protocol positions where NLOS
propagation channels are dominant in the communication
with the gNodeB (backhaul link) providing greater flexibility
for the IAB network in terms of deployment, as they do not
require direct visibility between the Layer 2 protocol and the
gNodeB. It should be highlighted that we have defined two
scenarios, firstly we have placed a Layer 2 protocol to 3.61 m
and with NLOS channel with respect to the Base Station
(D&F farthest, as defined in Fig. 10). The D&F farthest is
placed at 6.54 m with respect to UE positions and has a
LOS environment. On the other hand, the second scenario
considers the D&F nearest which was placed 4.67 m from
the gNodeB with NLOS propagation channel established
between them. Furthermore, the UE positions have a LOS
channel with respect to the D&F nearest and the distance
between them is approximately 5.76 m. Finally, in both
scenarios, the gNodeB was placed 9.14 m away from the UE
positions.
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TABLE 1. Main parameters to implement the FR1 and FR2 5G signals.

FIGURE 11. DM-RS time-frequency mapping to physical resource
locations.

Table 1 reports the main parameters of interest concerning
the developed hardware platform. In the table, the FR1 5G
signal column details the parameters corresponding to the
emulated signal in the gNodeB node. An FR1 5G downlink
signal with a subcarrier spacing of 15 kHz, a sampling rate
of 15.36 MHz, and a carrier frequency of 3.5 GHz has been
considered. It is worth mentioning that, 23.05 Mbps is the
maximum throughput that can be achieved by the UE when
the direct link is established depending on the propagation
channel conditions. On the other hand, the FR2 5G signal
is the developed signal in the Layer 2 protocol transmitter-
side. It can be seen that an FR2 signal with 50 MHz band-
width has been implemented with a sampling frequency of
61.44 MHz. It should be highlighted that the FR2 signal
configuration supports 4 slots per subframe and 40 slots
per frame as shown in Table 1. Furthermore, the throughput
maximum is 19.02 Mbps to the Q-PSK modulation scheme
and a 1/3 target code rate. Note that several transmissions
(20) have been performed from the base station and Layer 2
protocol and for each transmission 80 frames are sent.

FIGURE 12. CSI-RS time-frequency mapping to physical resource
locations.

Considering the proposed reference signals to obtain the
pilot samples in Subsection III-A and to perform the LS
channel estimation, in this subsection we define the main
parameters implemented in the Layer 2 protocol to execute
each algorithm. Firstly, the DM-RS pilot samples are detailed
where the demodulation reference signal type position 2 has
been considered. Besides, the length was defined as 1 and an
additional position of 2 is implemented. Configuration type,
port set, and the number of DM-RSCDMgroups without data
are configured with 1, 1, and 2 values, respectively. Finally,
N 0
ID = N 1

ID = 1 and nSCID = 0 have been taken in the
implementation. Thus, the generated DM-RS sequence is
mapped to physical resources considering the parameters
above related and it is allocated as illustrated in Fig. 11.

CSI-RS signal in (14) is defined as 3GPP [37] and the
parameter values for its implementation in our platform are
now introduced. The CSI-RS is configured for non-zero
power with a density equal to 3, the primary use of which
is to perform channel measurement. NZP CSI-RS is imple-
mented to cover the whole part of the bandwidth (allocated
RBs = 52) whose row number is equal to 1. The subcarrier
locations and scrambling are defined with 0 and 1 values,
respectively. Lastly, doing better channel estimation CSI-RS
resource has been configured to be presented in all slots. Once
defined the parameters, pilot symbols to perform practi-
cal channel estimation NZP CSI-RS has been obtained and
mapped in the physical resources as shown in Fig. 12.

As presented in the proposed experimental scenario in
Fig. 10, the access link is established in the mmWave band
through the Pasternack’s 60 GHz transmitter and receiver
waveguide modules as has been explained in the imple-
mented testbench in Fig. 3. This work implements a phase
noise cancellation algorithm considering the PT-RS signals
as detailed in Subsection III-B, in this sense, the following
lines are devoted to define the main parameters that have
been considered in our implementation. The radio network
temporary identifier (nRNTI) is defined as 1, as well as the
allocated RBs NRB = 66. The frequency density KPT-RS = 2
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FIGURE 13. PT-RS time-frequency mapping to physical resource locations.

has been implemented. A time density with a value equal to
2 has been designed to control the time resources of the PT-
RS signals. The parameter kREref is parameterized as 8 and it
has been calculated by means of the DM-RS configuration
type 1 and the resource element offset 11. Considering the
above assumption, in this work, the PT-RS for the mmWave
access link is mapped as described in Fig. 13.

VI. NUMERICAL ANALYSIS AND DISCUSSIONS
In order to verify the Layer 2 protocol performance of
the proposed IAB architecture for the 5G network, this
section presents and discusses the main results obtained
under the real-world environment presented in the previous
section. First, the performance of the DM-RS and CSI-RS
pilot samples for the LS estimator implementation into the
Layer 2 protocol is compared. In this section, we also evaluate
the performance of the proposed flexible mmWave Layer
2 protocol implementation for IAB architecture. In addition,
we provide a comparison between the IAB architecture for
a 5G system and a traditional 5G network with detailed
explanations for each result obtained.

A. LS ESTIMATOR PERFORMANCE CONSIDERING DM-RS
AND CSI-RS SIGNALS
This subsection assesses the impact of channel estimation
on the proposed Layer 2 protocol performance. In Fig. 14,
we present the absolute value of estimated channel coeffi-
cients as a spectrogram plot for all the resource elements
in the data channel grid considering the LS DM-RS and
LS CSI-RS estimators when the D&F farthest is taken into
account. Then, Fig. 15 illustrates the absolute value of esti-
mated channel coefficients as a spectrogram plot for all the
resource elements in the data channel grid considering the LS
DM-RS and LS CSI-RS estimators when the D&F nearest
is considered as the experimental environment. From the
figures, it can be observed that there exists a variation in the
channel coefficients across the data channel grid in the form
of a 2D image, where the absolute value of channel estimates
is color-coded in a heat map.

FIGURE 14. Spectrogram plot of the absolute value of the channel
coefficient for the LS DM-RS and LS CSI-RS estimators in the D&F farthest
environment.

FIGURE 15. Spectrogram plot of the absolute value of the channel
coefficient for the LS DM-RS and LS CSI-RS estimators in the D&F nearest
environment.

Table 2 presents the channel estimation performance com-
parison between the LS estimator with DM-RS pilot sam-
ples and LS with CSI-RS pilot symbols considering the
experimental scenarios described in Section V. The experi-
mental results show that the error vector magnitude of the
64-QAM modulation scheme in the data channel is lower
when the D&F farthest is considered in both channel estima-
tion algorithms, which is due to the distance. Nevertheless,
in the backhaul link in the D&F nearest scenario is higher
than in the D&F farthest experimental environment. So, let
assumed the D&F nearest environment, in this case, it can
be observed from the table that the EVM of LS DM-RS is
2.7% lower than the LS CSI-RS algorithm. It can be seen
that the Time×Symbols is lower in the LS CSI-RS. This
small difference is due to the fact that in the LS CSI-RS
fewer symbols are mapped in the resource grid as shown
in Fig. 12. It is worth noting that several experimental results
were obtained where we found that the main difference in the
EVM between the LS DM-RS and LS CSI-RS estimators is
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TABLE 2. Performance evaluation of LS DM-RS and LS CSI-RS estimators
under the proposed experimental environments.

FIGURE 16. Demodulation of the mmWave access link signal in the UE
positions.

due to the fact that there are more pilot symbols in the former
algorithm.

B. SYSTEM-LEVEL EVALUATION OF IAB ARCHITECTURE
In order to verify the performance of the proposed Layer
2 protocol and IAB network implementation, extensive mea-
surements have been performed using the Anritsu equipment
allowing to demonstrate that our platform supports 5G sig-
nal, both FR1 and FR2, standardized by the 3GPP. Con-
sidering the first scenario that takes into account the D&F
farthest, Fig. 16 shows the demodulation of the synchro-
nization/PBCH block of the FR2 received signal from the
Layer 2 protocol in the UE positions. It can be observed
in the left menu that the parameters demodulated in the
commercial equipment correspond to the ones defined in
Section V (50 MHz bandwidth, 120 kHz subcarrier spacing,
and 470 MHz center frequency in baseband after the Paster-
nack receiver). In addition, the direct link has been measured
for comparison and is presented in Fig. 17.

From the results presented in Figs. 16 and 17 we conclude
that in both cases a full synchronization and demodulation
(physical Cell ID is 0, as defined in Section V) between
the equipment and the received signal is performed. The
measurements from Fig. 16 shows the EVM of the broadcast
channel, which is approximately 11%. When compared to
the signal obtained from the direct link in Fig. 17, the EVM
of the broadcast channel is considerably low. Besides, the
value obtained is lower than the one standardized by the
3GPP for the Q-PSK modulation scheme (18%). It should be
highlighted that the SSB demodulation was also performed
using the same algorithms developed in the UE node and
the mean results are close to the obtained in the Anritsu
equipment, indicating a similar performance.

FIGURE 17. Demodulation of the sub-6 GHz direct link signal in the UE
positions.

FIGURE 18. PBCH performance of UE node through implemented IAB
architecture for 5G network based on mmWave Layer 2 protocol.

The EVM [%] performance of the physical broadcast
channel decoded at the UE node via the direct link and the
access link is shown in Fig. 18. The measurements of the
broadcast channel by means of the IAB architecture were
performed using the D&F nearest and D&F farthest envi-
ronments, as exhibited in Fig. 18. The EVM measurement
results with the 5G traditional network is noteworthy high,
achieving 27.24% of error for 90% of the time. Compared
with the measurement results of the developed IAB archi-
tecture, the EVM results through the proposed Layer 2 pro-
tocol degraded significantly by approximately 10.07% and
12.64%, respectively, when considering the D&F nearest and
D&F furthest scenarios. Furthermore, the above explanation
demonstrates the great benefit of the IAB architecture for
5G networks. Besides, the difference in EVM characteristics
between the Layer 2 protocol positions can be seen in Fig. 18,
achieving the best performance when the D&F furthest is
taken into account, despite a longer distance in comparison
with the D&F nearest. It should be noted that this result is
due to the fact that the Layer 2 protocol in the D&F farthest
scenario has a high perpendicularity with respect to the UE
node positions. On the other hand, comparing the obtained
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TABLE 3. Mean bit error rate of the implemented architectures.

results through Anritsu equipment and our proposed platform
for both direct link and IAB architecture, we concluded that
a similar performance is achieved.

Table 3 illustrates the UE mean bit error rate (BER) of the
implemented architectures considering a Q-PSK modulation
in the access link (transmission from the mmWave Layer 2
protocol) and a 64-QAM modulation in the direct link. It can
also be noticed that the nearest and farthest scenarios have
been taken into considered, as well as communication by
means of the direct link has been employed in the compari-
son. From the table, we can see that the BER of the proposed
IAB architecture increases when contemplating the nearest
environment. However, compared to the proposed IAB archi-
tecture, the conventional downlink 5G network suffers from a
significant performance loss due to the propagation channel
conditions. The performance of the IAB architecture using
the mmWave Layer 2 protocol with the LS DM-RS estimator
achieves a lower error than the mmWave Layer 2 protocol
with the LS CSI-RS algorithm, e.g., in the furthest environ-
ment, the platform implemented with the Layer 2 protocol
with the LS DM-RS algorithm achieves a 1.16× 10−2 lower
error than in the LS CSI-RS case. Finally, from Table 3 we
can conclude that the lowest errors were achieved when the
proposed phase noise cancellation algorithm was introduced
at the UE node where the best performance is obtained with
the mmWave Layer 2 protocol with LS DM-RS and UE-
PNC scheme and its value is 1.23 × 10−4 under the farthest
scenario.

The block error rate (BLER) is defined as the ratio of the
number of transport blocks received in error to the total num-
ber of blocks transmitted over a certain number of frames,
considering that 80 frames are sent in each transmission. This
metric has been obtained after channel de-interleaving and
decoding by evaluating the cyclic redundancy check (CRC) in
each received transport block. It can be seen in Fig. 19 that the
BLER performance of the direct link communication is sig-
nificantly higher than in the link adopting the D&F protocol,
showing the advantage of the proposed Layer 2 protocol. For
example, the UE connection through the direct link reaches
0.88 block probability for 60% of the cases translating into a
low available capacity.

It can be observed that by considering the proposed Layer 2
protocol in the IAB network the error of the UE decreases
enormously. In the case of the scenario with D&F with LS
CSI-RS algorithm, the BLER probability in the UE was
0.44 for 60% of the time reaching a reduction of 0.44 block

FIGURE 19. BLER of proposed out-of-band mmWave Layer 2 protocol
considering the D&F farthest scenario.

probability. So, when considered the Layer 2 protocol with
LS CSI-RS and UE with PNC technique the measured results
exhibits a BLER of 0.13 for 60% of the time being decreased
0.75 and 0.31 when compared to the direct link and D&F
protocol with LS CSI-RS estimator, respectively. However,
by performing a comparison of the Layer 2 protocol in the
LS DM-RS and LS CSI-RS estimators, we observe that
the BLER in UE is significantly lower when using the LS
DM-RS algorithm, which is reached a 0.09 for 60% of the
time. In addition, it should be noted that the BLER achieved
by the IAB architecture using the Layer 2 protocol with
LS DM-RS algorithm is lower than the Layer 2 protocol
with LS CSI-RS estimator and UE with PNC algorithm,
as shown in Fig. 19. Finally, from the experimental results
shown in Fig. 19 we can conclude that the best performance
was achieved when the IAB architecture has been taken into
account for the 5G network using Layer 2 protocol with LS
DM-RS estimator and UE node with PNC scheme in which
a value of 0.0036 is achieved for 80% of the time at the UE
node.

We used the D&F nearest environment to evaluate
the implemented IAB architecture based on the proposed
mmWave Layer 2 protocol. Fig. 20 shows the BLER reached
by the UE node with our implemented traditional 5G network
and the proposed IAB architecture. In Fig. 20, we observe
that the implemented architectures present the same behavior
as the results obtained in Fig. 19. In this context, BLER degra-
dation is caused by the propagation channel environment.
For example, the lowest BLER is approximately 0.059 for
the 60% of the time, and however with the presented results
in Fig. 19, a 0 value is achieved for the 60% of the time
using the same architecture, i.e., the IAB architecture based
on mmWave Layer 2 protocol with LS DM-RS estimator and
UE node with PNC algorithm.

The experimental results of the hardware IAB architecture
for 5G network using mmWave out-of-band Layer 2 protocol
are given for two propagation channel conditions, as can be
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FIGURE 20. BLER of proposed out-of-band mmWave Layer 2 protocol
considering the D&F nearest scenario.

TABLE 4. Throughput performance of the proposed IAB architecture and
comparison with the traditional 5G network.

found in Table 4. It can be shown that the Layer 2 protocol
with LS CSI-RS estimator achieved a capacity of 7.52 Mbps
under the nearest environment, however, the Layer 2 protocol
with LS DM-RS algorithm increases the throughput perfor-
mance by 7.34Mbps in the same environment. Themaximum
capacity of the Layer 2 protocol with LS CSI-RS estimator
was 13.84 Mbps when considering the UE node with PNC
algorithm and under the farthest propagation channel envi-
ronment. When the Layer 2 protocol with LS DM-RS estima-
tor and UE node with PNC algorithm under the nearest envi-
ronment was taken into consideration, the UE node reached
15.54 Mbps, implying that a 3.32 Mbps and 4.38 Mbps were
successfully achieved compared with the Layer 2 protocol
with LS DM-RS algorithm and Layer 2 protocol with LS
CSI-RS scheme andUE nodewith PNC algorithm in the near-
est environment, respectively. It should be highlighted that
the reached higher throughput performance was 18.89 Mbps
by means of the IAB architecture employing the mmWave
Layer 2 protocol with LSDM-RS estimator andUE nodewith
PNC algorithm under the farthest scenario which compared
with the direct link communication a gain performance of
13.16 Mbps was achieved.

In the following, we focus on determining the throughput
loss in each one implemented architectures depending on the
throughput maximum standardized by the 3GPP, we defined

the CL [%] metric as

CL[%] = 100×
(CMax − CObt)

CMax
, (23)

where the CMax is the maximum throughput standardized by
the 3GPP depending on the modulation scheme and modu-
lation coding index (the maximum throughput without any
propagation channel for 64-QAMmodulation scheme in FR1
5G signal and Q-PSK constellation scheme in FR2 5G sig-
nal have been described in Table 1) and CObt depicts the
obtained throughput. Table 4 also illustrate the CL results
obtained through the expression (23). From the experimental
measurements, it can be observed that the direct link com-
munication achieved the highest CL with approximately a
75.14% wich can be computed by means of (23) considering
CMax = 23.05 Mbps and CObt = 5.73 Mbps. However,
among the implemented IAB architectures, the best results
were obtained when considering the PNC algorithm and the
LS DM-RS estimator in the mmWave out-of-band Layer
2 protocol. In this context, we observe that a 0.70% (100 ×
(19.02−18.89)

19.02 ) of capacity loss was achieved when the farthest
environment was taken into consideration.

VII. CONCLUSION
In this paper, we have presented an out-of-band IAB hardware
architecture for the 5G communication network, focusing on
the design and implementation of the baseband algorithms
and RF front-end integration of the mmWave Layer 2 pro-
tocol. Based on the 3GPP standard, we implemented the LS
channel estimator through the DM-RS and CSI-RS pilot sam-
ples into the Layer 2 protocol. Considering that phase noise
introduces a huge performance deterioration in the mmWave
communication system, we implemented a phase noise can-
cellation algorithm that introduces the phase tracking refer-
ence signals into the transmitted FR2 signal of the mmWave
Layer 2 protocol to help jointly compensate for the phase
noise in the reception.We conclude that the implemented IAB
architecture usingmmWave Layer 2 protocol is a 5G enabling
that has the potential to improve the throughput, EVM,
BLER, and BER of the users in the indoor environments. Test
results reveal that the proposed protocol and IAB network
support FR1 and FR2 real-5G downlink signals and the
obtained measures are similar to the presented with Anritsu
equipment. Our experimental results have demonstrated that
the implemented IAB architecture based on the proposed
Layer 2 protocol with LSDM-RS estimator andUEwith PNC
algorithm can achieve better KPIs that the conventional 5G
network. The main limitation of the proposed IAB architec-
ture is the need of LOS between both horn antennas in the
mmWave access link, as NLOS severely degrades its perfor-
mance. This limitation opens a new implementation paradigm
where a circularly polarized radial line patch array antenna
allowing the steering of the main beam can be designed to
improve the IAB performance and overcome the limitations
of the mmWave link. In addition, the proposed IAB platform
is considered a flexible implementation that will integrate
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another mmWave communication system in the backhaul link
operating in the frequency range 24-28 GHz. This allows
the adoption of a FR1 or a FR2 backhaul link and address
other aspects not taken into consideration in this work, includ-
ing a comparison in terms of performance, complexity, and
cost. Finally, we believe that the designed platform provides
a cost-effective, scalable, and easy-to-upgrade solution for
enabling other 5G signals standardized by the 3GPP, as well
as, novel 5G as MIMO, beamforming techniques, and deep-
learning based approach [49] in mmWave frequency bands.
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