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ABSTRACT Non-coherent transmission from multiple transmission-reception-points (TRPs), i.e., base
stations, or base station panels to a user equipment (UE) is exploited in 5G New Radio (NR) to improve down-
link reliability and cell-edge throughput. Ultra reliable low-latency communications (URLLC) and enhanced
Mobile BroadBand (eMBB) are prominent target use-cases for multi-TRP or multi-panel transmissions.
In Third-Generation Partnership Project (3GPP) Release 17 specifications, multi-TRP-based transmissions
were specified for the physical downlink control channel (PDCCH) specifically to enhance its reliability and
robustness. In this work, a comprehensive account of various multi-TRP reliability enhancement schemes
applicable for the 5G NR PDCCH, including the ones supported by the 3GPP Release 17 specifications,
is provided. The impact of the specifications for each scheme, UE and network complexity and their
utility in various use-cases is studied. Their error performances are evaluated via link-level simulations
using the evaluation criteria agreed in the 3GPP proceedings. The 3GPP-supported multi-TRP PDCCH
repetition schemes, and the additionally proposed PDCCH repetition and diversity schemes are shown to
be effective in improving SG NR PDCCH reliability and combating link blockage in mmWave scenarios.
The link-level simulations also provide insights for the implementation of the decoding schemes for the
PDCCH enhancements under different channel conditions. Analysis of the performance, complexity and
implementation constraints of the proposed PDCCH transmission schemes indicate their suitability to UEs
with reduced-capability or stricter memory constraints and flexible network scheduling.

INDEX TERMS 5G, new radio (NR), multi-transmission-reception-point (multi-TRP), physical downlink
control channel (PDCCH), single frequency network (SFN), log-likelihood ratio (LLR), soft-combining,
selection decoding.

I. INTRODUCTION Radio (NR) standards starting from 3GPP Release (Rel.)

The Third Generation Partnership Project (3GPP) Radio
Access Network (RAN) working group (WG) 1 specified
the physical layer methods to support non-coherent joint
transmissions (NCJT) from multiple TRPs, i.e., base sta-
tions, or base station panels in Fifth Generation (5G) New
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16. A user equipment (UE) may receive physical downlink
shared channel (PDSCH) transmission(s) that are multiplexed
in space, time or frequency using two different reception
settings [1], wherein each reception setting may correspond
to a different TRP or base station panel. Independent schedul-
ing of simultaneous PDSCH receptions from different TRPs
within a cell, repetition of a PDSCH transmission from
different TRPs and PDSCH diversity - a single PDSCH
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transmission is received in parts from multiple TRPs - are
supported in 3GPP Rel. 16. With enhancements targeting
both cell-edge throughput and reliability, multi-TRP opera-
tion was exploited only for the PDSCH in Rel. 16. The 3GPP
MIMO work item for Rel. 17 [2] agreed to extend multi-
TRP-based reliability and robustness enhancements to the
physical downlink control channel (PDCCH), the physical
uplink shared channel (PUSCH) and the physial uplink con-
trol channel (PUCCH). The focus of this paper is on the multi-
TRP enhancements for the PDCCH in Rel. 17.

The PDCCH carries the downlink control information
(DCI) that is used to schedule the PDSCH, the PUSCH
and the New radio (NR) or Long Term Evolution (LTE)
sidelink channel. Additionally, it is also used to indicate
slot formats, power control commands, cancellation of UL
transmissions and power saving information [3]. Consider-
able work has been published on the analysis of the design
principles, performance and enhancements of the PDCCH
for 5G NR systems. In [4], an overview of the PDCCH
design in 3GPP Rel. 15 is provided along with the rationales
involved in the standardization process. The work in [5]
proposes a novel mapping of the PDCCH to time-frequency
resources, overbooking and precoder cycling for PDCCH
transmit diversity in the 5G NR context. An evaluation
of the PDCCH performance due to physical layer changes
from LTE to 5G NR and insights regarding PDCCH multi-
cast or broadcast are provided in [6]. An in-depth summary
of the 5G NR PDCCH configuration, precoding methods,
channel estimation and the associated simulation results are
provided in [7].

The PDCCH enhancements specified via the MIMO work
item in 3GPP Rel. 17 targeted multi-TRP-based ultra-reliable
deployments, high-speed trains that use single-frequency net-
works and millimeter wave (mmWave) scenarios. This paper
elaborates and provides insights on the multi-TRP-based
enhancements for the 5G NR PDCCH. The contributions of
the paper are as follows:

« PDCCH enhancements are considered for two cate-
gories of multi-TRP deployments: single-frequency net-
work (SFN) and non-SFN. The PDCCH enhancement
schemes supported in 3GPP Rel. 17 and the addi-
tional schemes proposed in this work for PDCCH rep-
etition and diversity for these deployment categories
are described along with their impacts on the 3GPP
specifications.

« The applicability of the enhancement schemes to various
use-cases, the associated receiver processing and imple-
mentation aspects are studied in detail. The procedures
employed in the 3GPP specifications to enable backward
compatibility with previous releases are described to
offer further insights into the standardization rationales
for the PDCCH design.

o Link-level simulation results are presented for the
PDCCH transmission schemes along with the applicable
decoding schemes in Frequency Range 1 (FR1) and
Frequency Range 2 (FR2) (the frequency ranges are
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specified by 3GPP in [8]) according to the evaluation
methodology agreed by 3GPP RAN WG in [9].
o An analysis on the trade-offs involved in each scheme
with respect to error performance, network complexity,
UE complexity and PDCCH overhead provides insights
regarding target use-cases and supported UE/network-
types, which are elaborated towards the end of the paper.
The paper is organized as follows. Section II gives a brief
introduction to the SG NR PDCCH. Section III provides
a detailed account of various PDCCH reliability enhance-
ments for multi-TRP scenarios including the 3GPP-supported
transmission schemes. Section IV describes the associated
receiver processing. The impacts on the 5G NR specifications
and various implementation issues concerning the receiver
processing methods are provided in Section V. Section VI
presents numerical results on the performance of the PDCCH
enhancements and decoding complexity. Section VII con-
cludes the paper by summarizing the key aspects regarding
each multi-TRP-based PDCCH enhancement.

Il. 5G NEW RADIO PHYSICAL DOWNLINK

CONTROL CHANNEL

The hierarchy of components that constitute the physical
downlink control channel configuration are as follows: the
control resource set (CORESET), the search space set and
the PDCCH candidate. PDCCH transmissions are performed
on predefined spaces in time and frequency in the NR radio
frame called the Control Resource Set (CORESET) [10].
A carrier component or cell that the UE is configured with
may comprise multiple bandwidth parts (BWP). Each BWP
in a cell can be configured with one or more CORESETs.
Each CORESET is associated with one or more search space
sets. A search space set is associated with a CORESET and
comprises one or more PDCCH candidates. An individual
PDCCH transmission is performed in a PDCCH candidate
of a search space set [11], [12]. These components of the
PDCCH are explained in detail in this section.

A. CONTROL RESOURCE SETS
A CORESET comprises N%)RESET resource blocks and
S(;gllﬁESET e {1,2,3} symbols. A resource block is an
orthogonal frequency division multiplexing (OFDM) symbol
comprising 12 subcarriers or resource elements (REs) [10].
The frequency domain allocation can be contiguous or non-
contiguous and the value of N%)RESET is a multiple of six.
The downlink BWP is divided into parts of six resource
blocks and one or more parts are allocated for a CORESET.
Each CORESET comprises one or more control channel
elements (CCEs) and each CCE comprises six resource ele-
ment groups (REGs), where each REG equals one resource
block in an OFDM symbol. Resource-element groups within
a CORESET are numbered in increasing order in a time-first
manner, starting with zero for the first OFDM symbol and
the lowest-numbered resource block in the control resource
set. A CORESET is also associated with a CCE-to-REG
mapping which is described using REG bundles. A REG
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bundle comprises 2, 3 or 6 REGs. In a non-interleaved CCE-
to-REG mapping, the CCEs are mapped in increasing order of
indices to groups of six REGs which is also ordered. In case of
interleaved CCE-to-REG mapping, an interleaving function
is used to map the REG bundles of a CCE [10]. The type
of CCE-to-REG mapping used in a CORESET - interleaved
or non-interleaved — and details regarding the mapping are
provided in the corresponding CORESET configuration to
the UE [11]. The number of CCEs that constitute a PDCCH is
indicated by an ‘aggregation level’ (AL). The possible values
for AL are 1, 2,4, 8 and 16. A PDCCH of AL L comprises L
continuously numbered CCEs.

B. SEARCH SPACE SETS

Each search space set is associated with a CORESET and
comprises one or more PDCCH candidates, each configured
with a certain AL [11], [12]. The number of PDCCH candi-
dates of a specific AL L present in the search space set are
provided to the UE in the search space set configuration. The
indexes of the CCEs in the CORESET corresponding to a
PDCCH candidate in a given search space set is provided via
the hash function described in [12] and [4]. A DCI payload
is attached with cyclic redundancy check (CRC), encoded,
rate-matched and modulated to generate the PDCCH that is
mapped to a PDCCH candidate at the transmitter as shown in
Fig. 1. Interleaving and scrambling are performed at various
steps of the encoding process which is omitted from the figure
for brevity. Along with the PDCCH payload, the demodula-
tion reference signals (DMRS) required for coherent demod-
ulation of the PDCCH are also embedded either throughout
the CORESET or the REGs corresponding to the search space
set(s) in a CORESET. An illustration of a CORESET and its
components are provided in Fig. 2 [7].

The configuration of a search space set is provided with
monitoring slot periodicity, offset and monitored symbols
within a slot. These parameters determine the slots or a span
of symbols in which the UE has to monitor or search the
PDCCH candidates in the search space set for valid DCIs.
A group of symbols in which a UE monitors a search space
set for PDCCHs is called a monitoring occasion. The search
space set configuration also comprises the DCI formats
that the UE needs to search or monitor while decoding the
PDCCH candidates. A DCI format is used in determining the
purpose of the DCI and the size of the DCI payload.

The search for a PDCCH (i.e., a valid DCI) in a PDCCH
candidate involves ‘blind decoding’ of the PDCCH candi-
date as every PDCCH candidate does not need to contain
a PDCCH and there is no prior knowledge of the PDCCH
candidates that comprise valid DClIs at the UE. The exact
Radio Network Temporary Identifier (RNTI) value which is
used in scrambling the cyclic redundancy check (CRC) bits
of the PDCCH is also not known apriori at the UE for a given
PDCCH. Therefore, the blind decoding process, in addition
to error correction decoding, involves the unscrambling of the
CRC bits of a PDCCH candidate with various RNTI values
that its CRC can be possibly scrambled with and a CRC check
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to verify if the CCEs corresponding to the PDCCH candidate
comprise a valid DCI according to the DCI formats to be
monitored for the given search space set.

C. PDCCH TRANSMISSION IN 5G NR

A DCI comprising a payload of K bits is attached with a
CRC of C = 24 bits scrambled with the applicable RNTI,
as mentioned above. The K + C message bits are polar-
encoded and rate-matched to E bits that are then modulated to
the resource elements corresponding to the DCI [3]. The first
step in the encoding involves inserting the K 4+ C message bits
ina N = 2"-bit sequence (row vector) x with N > K + C.
The value of n is determined based on the DCI payload size
K and the number of rate-matched bits E as described in [3].
The positions of the K + C message bits in the N-length
sequence and the rest N — (K +C) ‘frozen’ bits are determined
from the universal reliability sequence provided in 3GPP
Technical Specification 38.212 [3]. The sequence x is then
applied with the polar code generator G, £ F,By, where
F, =[! (1)]®" and By is a bit-reversal permutation matrix,
to obtain x, = xG,. This N-bit sequence x, is then rate-
matched to E bits and modulated with Quadrature Phase Shift
Keying (QPSK). The number of rate-matched bits, E, mapped
to the CCE(s) of a PDCCH candidate with AL L is equal to
E = 2-NEPN, where NFRCH = (L-6- 12— NDMRS) is the
net number of resource elements for the PDCCH and N%“RS
is the number of resource elements in the CCEs associated
with the PDCCH that are used for DMRS. Depending on
the values of N and E, the rate-matching may be performed
using repetition, puncturing or shortening [3]. Interleaving
is performed before polar-coding and before rate-matching,
but they are left out of Fig. 1 and Fig. 3 for compactness of
illustration.

D. PDCCH RECEPTION AT THE UE

The receive-processing for a PDCCH after the collection of
the associated CCEs and equalization is shown in Fig. 3. The
LLRs of the E transmitted bits obtained from the E /2 equal-
ized symbols after soft demodulation is fed to the polar
decoder after rate dematching. The CRC polynomial is pro-
vided to the decoder in Fig. 3 considering list-based polar
decoding [13].

The UE has limited capability for the number of PDCCHs
it can decode in a given slot or in a span of symbols which is
reported to the network [4], [12]. The network may schedule
PDCCH candidates more than the UE’s capability to decode,
which is called PDCCH overbooking [4]. The 3GPP spec-
ification instructs the UE to decode the scheduled PDCCH
candidates in a slot or span of symbols via an assignment
of priority to them. The PDCCH candidates lower in priority
and ultimately outside the UE’s blind decoding capability are
dropped. This understanding is shared by the network due
to the UE’s reporting of its blind decoding capability. The
reported value may depend on the memory available at the
UE and waveform numerology, among other parameters.
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FIGURE 1. Transmit-processing for a PDCCH (interleaving and scrambling steps omitted).
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FIGURE 2. Composition of an example CORESET configured for one
symbol and 6 resource blocks with non-contiguous frequency domain
allocation.

Ill. MULTI-TRP PDCCH RELIABILITY ENHANCEMENTS
The multi-TRP reliability enhancement schemes for 5G NR
PDCCH can be categorized according to the two possible
deployment types: single-frequency network (SFN) and non-
SEN. The non-SFN-based schemes can be further classified
into PDCCH repetition and split-PDCCH transmission. The
categorization of the transmission schemes is illustrated in
Fig. 4. The transmission schemes are discussed below in
detail.

A. SFN-BASED PDCCH ENHANCEMENT

PDCCH enhancement in SFN deployments entails the trans-
mission of the same PDCCH from different TRPs or panels on
identical time and frequency resources. In the 5G NR context,
this implies the transmission of a PDCCH on a given PDCCH
candidate in a search space set from multiple TRPs or panels
as shown in Fig. 5a with identical PDCCH DMRS config-
uration, positions and sequences used by all the TRPs or
panels. The UE is provided with multiple reception settings,
i.e., Transmission Configuration Indication (TCI) States, for
the reception of the PDCCH candidate simultaneously from
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multiple TRPs. A TClI-state indicates the reception settings
such as delay spread, Doppler shift/spread and Rx-beam that
are to be used for a DL channel or reference signal (RS)
with reference to another reference signal such as a Synchro-
nization Signal Block (SSB) or a Channel State Information
Reference Signal (CSI-RS) [1]. The reference RS in each
TCI-state may be associated with a different TRP to implicitly
configure multi-TRP reception at the UE. No explicit spec-
ification of configurations or parameters are thus required
to identify the TRPs transmitting to the UE. This transmis-
sion scheme is supported in 3GPP Rel. 17 by enabling the
assignment of a CORESET with multiple TCI-states [14].
The reception settings corresponding to all the indicated TCI-
states are applied by the UE for the demodulation and decod-
ing of the PDCCHs transmitted on the PDCCH candidates
on the CORESET. The PDCCH overhead for SFN-based
repetition is identical to the single-TRP transmission as the
PDCCH is repeated on the same PDCCH candidate by all the
TRPs. However, this scheme poses stringent synchronization
requirements among the TRPs as the repetitions should be
received on the same resources in time and frequency at
the UE. This may be realized only with ideal or near-ideal
backhaul across the TRPs.

B. NON-SFN-BASED PDCCH ENHANCEMENTS
In the case of non-SFN deployments, two different methods
of multi-TRP PDCCH transmission are possible as follows.

1) MULTIPLEXING PDCCH REPETITIONS USING

MULTIPLE TRPs

The PDCCH repetitions are multiplexed in time and/or fre-
quency via multiple TRPs in this scheme. An example is
shown in Fig. 5b, where the PDCCHs generated from a
given DCI are repeated in full on each of the two different
PDCCH candidates P; and P;. By associating the PDCCH
candidates with different TClI-states, each corresponding to
a different TRP, multi-TRP transmission of the repetitions
is enabled. Assigning identical TClI-states to the repetitions
leads to single-TRP-based repetition. This scheme does not
require stringent time synchronization as in the case of SFN.
It can be implemented even with non-ideal backhaul across
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FIGURE 3. Receive-processing for a PDCCH (interleaving and scrambling steps omitted).
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FIGURE 4. Categorization of 5G NR PDCCH reliability enhancement schemes in multi-TRP scenarios based on deployment types. The ones

marked in green are supported in 3GPP Rel. 17.

the co-operating TRPs by trading off latency and/or overhead
for reliability.

A version of this scheme is supported in 3GPP Rel. 17.
A search space set can be linked with another search space
set via a higher layer configuration, where both search space
sets have an identical number of PDCCH candidates [12]. The
linked search space sets also comprise an identical number of
PDCCH candidates for a given AL. A PDCCH candidate of
AL L with a given index in a first search space set is associ-
ated with a PDCCH candidate of identical AL and index in the
linked second search space set for PDCCH repetition. A fur-
ther restriction that the PDCCHs on any two linked PDCCH
candidates are identical is also specified in 3GPP Rel. 17.
The repetition is performed with an identical DCI payload
(CRC-attached DCI that is encoded), polar encoding settings,
interleaving and rate-matched bits. The 3GPP specifications
allow the association of a CORESET with only one TCI-state
for this method. If two linked search space sets are transmitted
on different CORESETs, the PDCCH repetition is enabled
from one or multiple TRPs/panels at the UE transparently by
assigning the CORESET: to the same or different TCI-states,

97398

respectively. On the other hand, if the linked search space sets
are from a single CORESET, the TClI-state indicated for the
CORESET applies to both the linked search space sets, allow-
ing only for single-TRP/panel-based PDCCH repetition.

The network can be offered higher flexibility of scheduling
if PDCCH repetition on PDCCH candidates of different AL
values is enabled. This method, although not supported in
3GPP Rel. 17, provides varying degrees of reliability based
on the AL values chosen for the repetitions. It enables the net-
work to adapt to instantaneous channel conditions, PDCCH
overhead limitations, UE memory constraints and target use-
cases. With suitable specification changes for the dynamic
modification of the ALs used for PDCCH repetitions, swift
adaptation to the aforementioned conditions or use-cases can
be realized by the network.

2) SPLITTING A PDCCH TRANSMISSION ACROSS TRPs

The splitting of a PDCCH transmission across different
TRPs or ‘split-PDCCH’ scheme is proposed as an alter-
native with lower overhead and complexity compared to
PDCCH repetition. The split-PDCCH scheme incurs the

VOLUME 10, 2022
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FIGURE 5. lllustration of SFN-based and non-SFN-based multi-TRP PDCCH transmissions.

same overhead as single-TRP PDCCH transmission and the
same decoding complexity. One method to realize a split-
PDCCH scheme is to map a PDCCH of L CCEs to g > 1
different PDCCH candidates that comprise the L CCEs in
total, wherein each PDCCH candidate is assigned a unique
TClI-state. This method is illustrated in Fig. 5c, where a
PDCCH is mapped to two PDCCH candidates P; and P;
whose combined aggregation level is equal to the aggregation
level of the PDCCH. Configuring P; and P; on two different
CORESETs (i.e., assigning different TCI-states to the two
CORESETS) enables multi-TRP split-PDCCH transmission.
Another method for splitting the PDCCH across different
TRPs is to assign different parts of the associated PDCCH
candidate with different TCI states.

The multiplexing of the PDCCH repetitions or the splitting
of the PDCCH discussed above is performed in time and/or
frequency on a single transmission layer. Spatial multiplex-
ing of PDCCH repetitions or splitting of a PDCCH with
multiple spatial layers across TRPs is not possible in the
current 5G NR standard. The PDCCH DMRS supports only
one port, i.e., the PDCCH transmissions have only a single
layer. Such spatial multiplexing can be supported only after
enhancing the PDCCH DMRS, and is hence left out of this

paper.
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IV. RECEIVER PROCESSING FOR PDCCH

REPETITION SCHEMES

The processing of a DCI at the UE is shown in Fig. 3 for
the case of decoding an individual PDCCH candidate. The
applicable receiver processing for both SFN- and non-SFN-
based PDCCH transmission schemes are provided in Table 1.
For the SFN-based repetition and the split-PDCCH transmis-
sion case, the channel estimation on the CCEs corresponding
to the PDCCH are performed according to the TCI-states
indicated for the CCEs followed by a single PDCCH blind
decoding. For non-SFN-based repetition, the combining of
the repetitions before blind decoding is an obvious method
to achieve SNR or coding gain. Performing multiple PDCCH
blind decoding attempts from two or more PDCCH candi-
dates that carry the same DCI content is another possibility
considered in 3GPP and in this work. The various possi-
ble receiver processing methods for non-SFN-based PDCCH
repetition are described in the following.

A. SOFT-COMBINING

Symbol-level and bit-level soft-combining (SC) are con-
sidered for PDCCH repetitions. Symbol-level combining
or maximum ratio combining (MRC) is performed on the
received symbols of the PDCCH repetition instances [15]
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TABLE 1. Multi-TRP transmission schemes for 5G NR PDCCH and applicable receiver processing. ‘Legacy decoding’ indicates the collection of CCEs

associated with the PDCCH followed by one PDCCH blind decoding.

Multi-TRP deployment Transmission scheme

Receiver processing applicable

SFN - Legacy decoding
Repetition with PDCCH candidates of same AL - identical DCI pay-  Selection decoding, Symbol-level or bit-level
load, K, N, positions of frozen bits, rate-matching and interleaving  soft-combining
settings for all repetitions

Non-SEN Repetition with PDCCH candidates of same or different AL - iden-  Selection decoding, Bit-level soft-combining

tical payload, K, N and positions of frozen bits for all repetitions

Repetition with PDCCH candidates of different AL - different values

of N for the repetitions

Selection decoding

PDCCH split across multiple PDCCH candidates and/or TCI-states

Legacy decoding

and requires that the underlying transmitted symbols that
are combined are identical, i.e., their DCI payloads, polar
encoding and rate-matching settings are identical. Bit-level-
combining involves combining of the soft-demodulated LLRs
from the repetitions [15] and is feasible with fewer constraints
among the combined PDCCHs than symbol-level combining.
It suffices that the DCI payloads, the positions of frozen bits
and the value of N of the polar encoder are identical. The
polar decoder processes the LLRs of the combined symbols
or the combined LLRs for blind decoding.

The ALs used for a given PDCCH repetition determines the
value of N chosen for the repetition [3]. Hence, even bit-level
soft-combining may not be feasible in cases of repetitions
with PDCCH candidates of different ALs. Here, different val-
ues of N are used for the repetitions. In such cases, selection
decoding, which is described in the following, may be the
only decoding option.

B. SELECTION DECODING

For selection decoding (SD), each PDCCH repetition
instance is blindly decoded individually until a valid DCI is
detected. Since the repetitions are decoded individually, there
is no requirement that the DCI payload, encoding or rate-
matching parameters are identical across repetitions.

It is noted that the term ‘identical DCI payload’ for
PDCCH repetition means that each DCI that is processed to
obtain the PDCCH on the linked PDCCH candidates has the
same K information bits and C CRC bits fed to the polar
encoder. Any modifications of the field(s) in the DCI of one of
the repetitions due to specification directives due to the timing
or position of the corresponding PDCCH may not support
soft-combining of the repetitions.

C. HYBRID DECODING

Hybrid decoding (HD) employs a combination of selection
decoding and soft-combining. For a PDCCH repetition on M
PDCCH candidates, selection decoding of m < M individual
PDCCH candidates is performed along with soft-combining
of one or more subsets of the M repetitions with each subset
comprising 2 < r < M PDCCH candidates. The decoding
process is carried out until a valid DCI is detected.
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V. SPECIFICATION IMPACTS AND IMPLEMENTATION
CONSIDERATIONS IN RECEIVER PROCESSING

Receiver processing for SEN-based PDCCH repetition, other
than the channel estimation for the PDCCH, involves just one
PDCCH blind decoding similar to the legacy 5G NR PDCCH,
resulting in only minor changes of UE complexity, PDCCH
latency and specification impact. For the non-SFN-based
schemes, however, varying degrees of complexity, latency
and specification impacts are possible. An analysis of such
aspects along with their utility, performance and applicable
use-cases is crucial for their implementation.

In the case of non-SFN-based repetition, SD and HD pro-
vide error performances that are either worse or equal to that
of SC as combining with every additional repetition improves
the SNR or coding gain [16]. However, the advantages posed
by methods involving multiple decoding attempts such as SD
and HD are in terms of reducing PDCCH latency, PDCCH
scheduling flexibility, memory usage and supporting reduced
capability UEs.

SC and SD or HD require almost the same amount of
memory to store the PDCCH symbols or LLRs when all
the PDCCH candidates of a PDCCH repetition are obtained
during a single monitoring occasion of the search space
set or across few OFDM symbols. However, if two repe-
titions of the PDCCH are obtained on PDCCH candidates
whose monitoring occasions are well separated in time, i.e.,
separated by multiple symbols within a slot or monitored
on different slots altogether, then the LLRs from the first
repetition have to be retained on memory until the second
repetition for soft-combining the LLRs. This memory cannot
be used for decoding of another PDCCH until the arrival
of the second linked PDCCH repetition. Since the number
of blind decoding attempts per slot or span of symbols is
limited, as described above, holding this memory for a given
duration implies the dropping of other PDCCHs due to mem-
ory shortage. SC thus requires higher memory when PDCCH
repetitions across monitoring occasions are well separated
in time. To increase the reliability of the PDCCH and/or to
accommodate UEs that do not have sufficient memory to
store the LLRs or symbols of each repetition before combin-
ing them, e.g., reduced-capability UEs, SD can be considered
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as an alternative. In addition, SD has the advantage of not
waiting on the second PDCCH candidate, and therefore it is
well suited to linked PDCCH transmissions across different
monitoring occasions. Furthermore, for PDCCH repetitions
employing different values of N, SD is the only applicable
method as SC is not feasible. For these reasons, SD serves as
a memory-efficient, lower-latency alternative to soft combin-
ing, albeit with poorer error performance. HD matches the
error performance of SC, but involves a higher number of
blind decoding attempts. It offers a lower PDCCH decoding
latency than SC, but incurs higher memory usage than SD.
It suits UEs with higher capacity for blind decoding and
PDCCH memory, and to URLLC use-cases.

The Rel. 17 5G NR specification supports only inter-
span repetition i.e., a repetition on two different monitoring
occasions separated by one or more symbols within a slot.
Inter-slot repetition is not supported.

The split-PDCCH transmission scheme incurs the same
amount of blind decoding attempts per PDCCH as the legacy
5G NR PDCCH transmission. The receiver implementation
only differs in terms of the collection of the CCEs or the
application of the TCI-states to a PDCCH candidate. Since
the PDCCH may be split across PDCCH candidates and time-
division-multiplexed across symbols, monitoring occasions
or slots, memory and latency issues impact the split-PDCCH
scheme similar to the non-SFN-based PDCCH repetition with
soft-combining. For inter-span or inter-slot PDCCH split, the
memory has to hold the first part of the PDCCH until the
second part arrives which may block other PDCCHs from
being decoded.

With the pros and cons of each method with respect
to memory storage, performance and complexity discussed
above, the issues regarding PDCCH overbooking and the
common understanding regarding the PDCCHs attempted for
blind decoding at the UE need to be addressed. The next
subsection discusses how these issues are handled in the
3GPP specifications at least for the non-SFN-based repetition
scheme.

A. UE CAPABILITY REPORTING AND BACKWARD
COMPATIBILITY IN 3GPP

3GPP Rel. 17 specifies rules for PDCCH decoding priority
and UE reporting mechanisms to handle memory occupancy
issues in non-SFN-based repetition and to share a com-
mon understanding between the UE and the network regard-
ing the PDCCH candidates decoded in a given monitoring
occasion.

The UE reports the number of blind decoding attempts,
which can be either 2 or 3 [17], to be counted for a pair of
PDCCH candidates linked for repetition [17] along with the
blind decoding capability reporting of Rel. 15/16 as described
above. The decoding method that is implemented - SC, SD or
HD - is not explicitly revealed to the network. It is noted that
the value reported is the number of PDCCH blind decoding
attempts to be counted by the network for a pair of linked
PDCCHs which may not correspond to the exact number of
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blind decoding attempts performed by the UE. For example,
if a UE implements only SC to process a pair of linked
PDCCH candidates, it performs just one blind decoding
attempt after soft-combining the PDCCHs. But, it may report
a value of 2 or 3 depending on implementation factors such
as the memory buffer for LLR storage, number of PDCCH
blind decoding attempts withheld due to decoding a pair of
linked candidates, etc. With this additional reporting and a
renewed set of priority rules for decoding specified in Rel.
17 based on the search space set ID associated with the
linked PDCCH candidates, the UE and the network have a
common understanding of the PDCCH candidates attempted
for decoding in a slot or a span of symbols comprising both
legacy PDCCH candidates and linked PDCCH candidates
for repetition [12]. This enables backward compatibility with
legacy 5G NR PDCCH scheduling.

To address the memory usage across spans of symbols for
inter-span repetition, the UE is enabled to report the number
of PDCCH candidates that can be received in a span of
symbols, each of which has a linked PDCCH candidate that
is yet to be received (in a future slot or span of symbols).
This enables the network to gauge the buffer memory of
the UE that is blocked for linked PDCCH candidates spread
across different spans of symbols, and thereby limit the num-
ber of scheduled inter-span PDCCH repetitions to the UE’s
capability.

B. DECODING ORDER FOR SD AND HD

For both SD and HD, the decoding order of the PDCCH
candidates determines how soon a valid DCI is detected, i.e.,
the number of blind decodes required until a valid DCI is
detected, thereby improving the PDCCH decoding latency.
Such an ordering makes sense for repetitions within a mon-
itoring occasion or across a series of a few symbols. When
the repetitions are within a PDCCH monitoring occasion, the
decoding may be performed in a determined order after the
reception of all the PDCCH repetitions using a metric related
to the PDCCH candidates used for the repetitions. Doing the
same for inter-slot or inter-span PDCCH repetition, however,
may result in significantly higher decoding latency. Two met-
rics that can be considered for the decoding criterion are as
follows:

e Received power on the PDCCH DMRS: The PDCCH
candidate with the higher received power on its DMRS
or on the DMRS in any part of the CORESET which is
received with the same TCI-state as the PDCCH candi-
date is decoded with higher priority to improve the prob-
ability of earlier decoding. The DMRS-RSRP (DMRS-
Reference Signal Received Power) may be computed
similar to the RSRP provided in Section 5.1.2 of [18],
but using the resource elements of the DMRS instead of
that of the CSI-RS. A previously measured RSRP in the
same CORESETs or any reference signals or channels
associated with the TCI-states of the PDCCH candidates
to be received may also be used for the selection of the
PDCCH candidate. This criterion is especially efficient
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when the pathloss differences among the repetitions are
significant.

o Aggregation level of the PDCCH candidate: If the linked
PDCCH candidates have different AL values, the UE
can prioritize the decoding of the candidate with higher
AL as the DCI would be rate-matched with a lower
code-rate in it. This may improve the chances of earlier
decoding when the power differences among the linked
PDCCH candidates are not significant.

The pros and cons of choosing a given metric and the scenar-
ios in which they are advantageous are discussed in the next
section.

VI. SIMULATION RESULTS

The simulation parameters used for the numerical evaluations
are based on the criteria agreed in 3GPP for the evaluation
of multi-TRP PDCCH enhancements [9], and are summa-
rized in Table 2. For FR1, an urban macro cell scenario is
considered with a carrier frequency of 4 GHz. In the case
of FR2, a mmWave indoor scenario with 30 GHz carrier
frequency is considered. In addition, the effect of blockage
or shadowing is included in FR2. A blockage probability
of 0.1 is assumed with a 10 dB blockage power loss. This
means the probability that the link between the TRP and
UE suffers blockage is 0.1 with a 10 dB power drop in the
received signal during a blockage event. The signal-to-noise
ratio (SNR) definition used in the simulations is the ratio of
the average signal constellation (QPSK for PDCCH) energy
E; and the additive white Gaussian noise (AWGN) power
Ny per resource element.

A fully digital beamforming is considered for the FR1
scenario with two antenna ports at the UE and TRP, i.e.,
there are two antenna elements, and each antenna element
has a corresponding RF chain. In the FR2 scenario, a hybrid
antenna array structure is employed. The layer(s) of the
data are mapped to the antenna ports via digital beamform-
ing which are then mapped to the antenna elements using
analog beamformers using the TXRU model 1 for planar
arrays [19]. The RF chains are connected to the antenna array
elements via a phased-array beamformer. The beamformer
used for transmission or reception is typically determined
after a beam search and association phase. To imitate a high-
resolution beam search and association process, the elevation
and azimuth angles corresponding to the dominant path of the
channel are assumed to be the scan angles for the beamformer
at the UE and the TRPs. Each TRP is configured with a dual-
polarized 4 x 8 planar array and the UE with a 2 x 4 planar
array, wherein all the elements corresponding to a polariza-
tion are associated with a single RF chain via the phased-
array beamformer. Therefore, each RF chain corresponds to a
different antenna polarization with the beamformers aimed at
the direction of the dominant path of the channel. For digital
beamforming/precoding in both FR1 and FR2 that maps the
PDCCH to the antenna ports, open-loop precoder cycling is
performed. The precoder is applied per REG using the 5G NR
DFT codebook [1].
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TABLE 2. Simulation parameters for BLER performance evaluation.

Parameter

Value

Carrier frequency

FR1: 4 GHz, FR2: 30 GHz

Subcarrier spacing

FR1: 30 KHz, FR2: 60 KHz

Number of antenna ports

2 Tx ports in a TRP, 2 Rx ports
ina UE

DCI size

40 bits payload + 24 bits CRC

Number of RBs per CORE-
SET

54 (Contiguous allocation)

Number of CORESET sym-
bols

2

Channel model

FRI: TDL-C, FR2: CDL-A
[20]

UE speed

FR1: 30 kmph, FR2: 3 kmph

Delay spread

FR1: 100 ns, FR2: 20ns

Precoding settings

REG level open-loop precoder
cycling

CCE-to-REG interleaving set-
tings

REG bundle size = 6, Inter-
leaver size = 3

Channel estimation

2D-MMSE

Channel equalization

MMSE

Blockage settings (applicable
only for FR2)

Blockage probability = 0.1
and blockage power loss = 10

dB

For the non-SFN-based PDCCH repetition scheme, the
DCI is transmitted from two different TRPs on two differ-
ent CORESETs. The CCE-to-REG mapping for both TRPs
is interleaved with the interleaving parameters shown in
Table 2. When the PDCCH repetitions are obtained on two
different PDCCH candidates of the same AL, the transmit-
processing parameters for the PDCCH repetitions are iden-
tical. For PDCCH repetitions with different ALs, the CRC-
attached DCI is rate-matched for a baseline PDCCH with
AL L and a PDCCH of AL 2L or L/2 for transmission
from a first TRP and second TRP, respectively. The param-
eters of the encoding and rate-matching schemes are deter-
mined as described in [3]. Note that in the case of PDCCH
repetitions with different ALs, for the DCI size chosen in
Table 2, the values of N determined according to the 5G
NR specifications [3] are 256, 512, 512 and 512 for ALs
of 2, 4, 8 and 16, respectively. Therefore, soft-combining
PDCCH repetitions with any combination of AL values
among 4, 8 and 16 are possible. If the repetition is per-
formed with a first PDCCH of AL 4, 8 or 16 and a second
PDCCH of AL 2, soft-combining of the two PDCCHs is not
possible.

In the case of single-TRP transmission, the PDCCH is
transmitted by a single TRP. For split-PDCCH transmission,
the first half of the PDCCH’s CCEs is transmitted on a first
PDCCH candidate from the first TRP and the remaining
CCEs on a second PDCCH candidate from the second TRP.
SFN-based repetition is realized by the superposition of the
PDCCHs from two TRPs.

SFN-based repetition and split-PDCCH transmission incur
only one PDCCH blind decoding as mentioned earlier. For
non-SFN PDCCH repetitions, SD and SC, wherever applica-
ble, are implemented. The decoding process is stopped for SD
after a valid DCI is detected.
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FIGURE 6. BLER for various PDCCH reliability enhancement methods with
a baseline PDCCH of AL 4 in FR1.
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FIGURE 7. BLER for various PDCCH reliability enhancement methods with
a baseline PDCCH of AL 8 in FR1.

A. BLER PERFORMANCE

The BLER performances in the FR1 scenario for a baseline
PDCCH with AL 4 and 8 are shown in Fig. 6 and Fig. 7,
respectively. Single-TRP PDCCH transmission with AL L
is compared with SFN, split-PDCCH scheme and non-SFN-
based PDCCH repetition with PDCCH candidates of AL
L, L/2 and 2L. The non-SFN methods are denoted in the
legends of the plots by the AL of the PDCCHs used for
the repetitions followed by the decoding method. The split-
PDCCH scheme provides only a slight improvement over the
single-TRP transmission scheme as a gain of around 0.75 dB
is observed for both AL 4 and 8. The performance is similar
to performing SD with non-SFN-based PDCCH repetition
with AL L/2. Soft-combining with a PDCCH candidate of
AL L/2, when applicable (for AL 8), provides a gain of
around 2 dB over single-TRP transmission. A gain of 3 dB
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FIGURE 8. BLER for various PDCCH reliability enhancement methods with
a baseline PDCCH of AL 4 in FR2.
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FIGURE 9. BLER for various PDCCH reliability enhancement methods with
a baseline PDCCH of AL 8 in FR2.

is observed for SFN-based PDCCH repetition for both AL
4 and 8, demonstrating the doubling of the received power at
the UE. For non-SFN-based repetition with AL L, which has
been specified in Rel. 17, SD provides a gain of around 2 dB
over single-TRP transmission for both AL 4 and 8 at a BLER
of 1072, For SC, a gain of 3 dB is observed. Soft-combining
with a PDCCH of AL 2L provides a gain of over 4 dB over
single-TRP transmission, while consuming three times the
amount of resources compared to single-TRP transmission.
A noteworthy difference in the performance of SFN-based
repetition and non-SFN-based repetition with AL L and SC
decoding can be observed between AL 4 and 8. The per-
formance of SFN-based repetition is better at lower SNRs
while non-SFN-based repetition with AL L and SC decoding
performs better at higher SNRs. This results in BLER curves
crossing each other. The crossing point, however, is lower for
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AL 8 compared to AL 4, indicating an improvement in SFN-
based repetition or a degradation in non-SFN-based repetition
with AL L and SC decoding with increasing AL. The SNR
gain of SFN-based repetition over single-TRP transmission
stays constant at 3 dB for both AL 4 and 8, whereas for non-
SFN-based repetition with AL L, the gain drops from 3.5 dB
with AL 4 to 3 dB with AL 8. This degradation in perfor-
mance can be attributed to the noise characteristics of the
reception in SFN- and non-SFN-based repetition. The noise
level per PDCCH candidate in SFN is the same as that of
single-TRP while the SNR per PDCCH candidate is doubled.
The non-SFN case, on the other hand, can be considered
as two separate single-TRP transmissions; while twice the
power is received cumulatively on two different PDCCH
candidates for the decoding of a single PDCCH, and hence
the SNR per PDCCH candidate is the same as that in the
case of a single TRP transmission. The collective noise power
across the PDCCH candidates in the non-SFN case is twice
than that of single-TRP or SFN. As the PDCCH block size
increases, the disparity in the total noise power across all
resource elements of associated the PDCCH candidates for
single-TRP/SFN and non-SFN case increases, resulting in a
drop in performance for higher block sizes in the non-SFN
case.

The results for the FR2 scenario using the CDL channel
parameters given in Table. 2 are provided in Fig. 8 and
Fig. 9. Although SFN deployments are more common in
FR1 than FR2, they are included for comparison. An initial
drop in the BLER is observed for all methods, following
which the BLER curve is flattened. At lower SNRs, the effect
of noise dominates the blockage effect as the BLER curve
initially drops. However, for mid-range SNRs, the effect of
blockage becomes predominant, thereby flattening the BLER
curve. The flattening is widest in the case of single-TRP
transmission, indicating least robustness against blockage.
When further PDCCH repetitions are added from other TRPs,
or PDCCH is split across TRPs, the flattening of the BLER
curve is less pronounced and the BLER drop is steeper at
much lower SNRs compared to single-TRP, demonstrating
higher robustness against blockage. The robustness improves
with soft-combining of the repetitions or an increase in the
AL of the PDCCH candidate used for the repetition. In addi-
tion, multi-TRP transmissions provide higher gain than the
FR1 scenario under blockage. Even with split-PDCCH, a gain
of more than 3 dB can be observed. In essence, it can be
understood that, as the power differences between TRPs
becomes steeper, the SNR gain for both PDCCH repetition
and split-PDCCH over single-TRP transmissions becomes
higher which improves PDCCH reliability.

It can be observed that the gains of SC over SD are meagre
when the effect of blockage is prominent. A PDCCH may
provide very little new information if the link has a significant
power drop. Hence, soft-combining a strong first link and
a considerably weak second link is effectively as good as
decoding the strong link alone.
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The performance comparisons between SFN and non-
SFN-based repetition with identical AL values, with respect
to the BLERSs in various SNR ranges and the crossing of the
BLER curves for different ALs, are similar to that of the FR1
scenario.

In both FR1 and FR2 scenarios, SFN and non-SFN-based
repetition with AL L for both PDCCHs performs better than
single-TRP transmission with AL 2L. In addition, any multi-
TRP based repetition for a baseline PDCCH of AL L per-
forms better than the transmission of the PDCCH with AL
2L from a single TRP in FR2. This means single-TRP-based
PDCCH transmissions with a lower coding rate perform
worse than PDCCH transmissions from multiple TRPs with
higher coding rates. These results lead to the following con-
clusions. Multi-TRP PDCCH transmissions can be exploited
in handover or cell-edge procedures in both FR1 and FR2
to improve the SNR. With the prominence of link blockage
in FR2, diversifying PDCCH transmission via repetition or
split via multiple TRPs is important for the robustness of the
transmission.

SFN-based repetition provides a good trade-off between
error performance and PDCCH overhead, UE complexity and
PDCCH latency compared to the other methods, by lever-
aging network complexity. Tight frame synchronization and
near-ideal backhaul across TRPs, at the very least, are crucial
for PDCCH repetition with identical scheduling from the
TRPs. Minor changes regarding TCI-state application are
required at the UE, while existing PDCCH processing rules
including overbooking and blind decoding capabilities can be
reused for SFN-based repetitions. There is only a marginal
increase in PDCCH channel estimation complexity at the UE.
The channel estimation has to be performed with respect
to the TCl-states of all the involved TRPs instead of just
one TCl-state as in the single-TRP case. The impact of the
SFN-based repetitions on the 3GPP specifications is also
minimal as all the burden is shifted to the network imple-
mentation. From the perspective of UE implementation, SFN-
based repetition is better suited among the discussed methods
to improve PDCCH reliability.

The split-PDCCH scheme provides considerable gains
in FR2 which demonstrates the effectiveness of multi-TRP
diversity transmissions in the presence of blockage. There is
a slight increase in UE complexity compared to SFN-based
repetition in terms of processing the CCEs associated with
a PDCCH, but it incurs the same overhead as the baseline
single-TRP-based PDCCH scheme. When PDCCH split is
performed within a slot, span or monitoring occasion, the
UE’s blind decoding capability and PDCCH overbooking can
be reused from existing 3GPP specifications which simplifies
UE implementation. With such a PDCCH split, the improved
PDCCH robustness is traded for higher network complex-
ity and a marginal increase in PDCCH latency and/or UE
complexity.

For non-SFN-based repetitions, the UE incurs higher com-
plexity than the other PDCCH enhancements, while the
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network complexity is lower compared to SFN-based repeti-
tions. The gains are more pronounced than the split-PDCCH
scheme and match that of SFN-based repetition when the
repetition is performed using the same AL as the base-
line PDCCH. The gains are further improved at the cost
of increased PDCCH overhead. The use of soft-combining
improves the BLER performance significantly. Repetition of
the baseline PDCCH of AL L with a PDCCH of AL less than
L and employing soft-combining performs better than selec-
tion decoding with PDCCH repetition using identical AL
values in FR1 scenarios. It also provides comparable perfor-
mance at higher SNRs in FR2 scenarios. Although repetition
provides diversity, with one of the candidates having a higher
code rate, the effect of blockage severely affects the decoding
reliability of the PDCCH with lower AL. Such a repetition
scheme may therefore be suitable in FR1 for UEs with limited
LLR buffering capability and bit-level soft-combining. Repe-
tition of a PDCCH of AL L with a PDCCH of AL higher than
L provides consistently higher reliability than SFN at the cost
of additional overhead and UE complexity.

Employing selective decoding instead of soft-combining
does not achieve the complete potential of PDCCH repetition
in terms of error performance. Its utility is purely in accom-
modating reduced-capability UEs, PDCCH latency reduction
and exceptional cases of PDCCH repetition (e.g., repetitions
with different values of V). Using a hybrid decoding scheme
that involves both selection decoding and soft-combining is
helpful in reaping the advantages provided by both methods
at the cost of higher UE decoding complexity. A wider range
of use-cases, UE and network capabilities and reliability
requirements can be supported by non-SFN-based repetition
compared to SFN due to the variations of repetitions that
can be configured. The following subsection discusses the
decoding complexity involved in non-SFN-based repetitions
and proposals for the order of decoding with selection and
hybrid decoding.

B. USE OF MULTIPLE PDCCH BLIND

DECODING ATTEMPTS

The implementation of decoding methods such as SD and
HD that involve multiple PDCCH blind decoding attempts
for non-SFN-based PDCCH repetitions is analysed in this
subsection. The order in which the PDCCH candidates are
decoded in SD or HD greatly influences the number of
PDCCH candidates decoded on average. In Fig. 10 and
Fig. 11, the average number of decoding attempts is plotted
over SNR for the FR1 and FR2 scenarios, respectively, with
AL 8 using selection decoding. HD with two blind decoding
attempts incurs the same number of decoding attempts as
selection decoding - the first decoding in both HD and SD is
assumed to be determined by a predetermined selection crite-
rion and the second decoding used by HD is soft-combining.
The candidate decoded first or the method used for choosing
the first candidate is indicated after the hyphen in the leg-
end of the plots. ‘Seq.” indicates that sequential decoding is
performed - the first PDCCH candidate from the first TRP

VOLUME 10, 2022

—_
o
T

-
]
T

—_
(o2}
T

r |[—+—2xAL8-Seq.

—+—2xAL8-RSRP
1xAL8+1xAL16-AL8

| |-+p 1xAL8+1xAL16-RSRP

----- B 1xAL8+1xAL16-AL16
1xAL8+1XAL4-AL8 [+

| |- |- 1xAL8+1xAL4-RSRP |-

- 8- - 1xAL8+1xAL4-AL4

1 | | |
-16 -14 -12 -10

SNR [dB]

Average number of decoding attempts
5 5 % @&

—_

R 0

FIGURE 10. Average number of decoding attempts with SD in FR1 with a
baseline PDCCH of AL 8.

2m-—o = :
1ok .\ q\ —+—2xAL8-Seq. ]

2 \'h ‘e —+— 2xAL8-RSRP

E18f - 1XAL8+1xAL16-AL8 |-

5 P\ =P 1xAL8+1xAL16-RSRP

o217 LN P IXALB+1XAL16-AL16

816k ESATE 1xAL8+1xAL4-AL8

8 %\ % % |- = -1xAL8+1xAL4-RSRP

5 157 AN - B - 1xAL8+1xAL4-AL4 |

S1ar Y 1

=

=

S 13 7

()

D

2 1

[

>

<t 1
1 : : - =
-16 -12 8 -4 0 4 8 12

SNR [dB]

FIGURE 11. Average number of decoding attempts with SD in FR2 with a
baseline PDCCH of AL 8.

is decoded first followed by the other PDCCH candidate.
‘RSRP’ denotes that the candidate with the higher DMRS-
RSRP is chosen to decode first.

For PDCCH repetition with the same AL L as the baseline
PDCCH, decoding using RSRP leads to consistently lower
average number of decoding attempts than sequential decod-
ing for both FR1 and FR2 scenarios (the curve for sequential
decoding coincides with the cyan and yellow curves). In the
case of repetition with a PDCCH of AL L/2, either the same
or a higher number of decoding attempts on average are
required compared to other methods in the FR1 scenario.
PDCCH repetition with AL 2L performs the best in FR1 when
decoding is started with the PDCCH candidate of higher AL
or RSRP.

A stark contrast is observed between the FR1 and FR2
scenarios for the PDCCH repetition methods with AL L/2
and 2L. In FR1, choosing to decode the candidate with higher
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AL first provides the best performance among the three
different possibilities available, while in FR2, choosing to
decode the candidate with higher RSRP first provides the
best performance. If there is blockage leading to a steep
power drop in a PDCCH candidate decoded first, regardless
of the AL of the PDCCH, the SNR loss because of the
blockage leads to higher probability of decoding error and
hence requiring a second blind decoding. Therefore, when
the power differences between the two PDCCH candidates
are negligible, prioritizing the PDCCH candidate with higher
AL for decoding is preferable. However, when the power
differences across the PDCCHs are significant, the PDCCH
candidate with higher RSRP shall be prioritized.

VIl. CONCLUSION

This paper provides a comprehensive account of various
multi-TRP-based 5G NR PDCCH enhancements. The 3GPP-
supported enhancements of SFN-based PDCCH repetition
and non-SFN-based repetition on PDCCH candidates with
identical AL values are compared with two additional
schemes: repetition on PDCCH candidates with different
AL values and split-PDCCH transmission. The analysis of
the numerical results, specification impacts, implementation
issues and UE and network complexity lead to the following
conclusions:

o SFN-based PDCCH repetition provides robustness
while requiring only a single blind decoding at the
receiver. There is no increase in PDCCH latency or
overhead compared to single-TRP PDCCH transmis-
sion. Moreover, SFN-based repetition results in only a
marginal increase in PDCCH channel estimation com-
plexity due to the association of a PDCCH candidate
with multiple TCI-states. It therefore offers the best
trade-off between error performance and, UE complex-
ity and PDCCH latency. The drawback of this method is
in terms of network complexity as near-ideal backhaul
among the TRPs is required for the synchronization of
the PDCCH transmissions.

o Non-SFN-based PDCCH repetition with identical AL
values incurs twice the PDCCH overhead compared
to SFN- or single-TRP transmission. Enabling soft-
combining of the repetitions at the UE considerably
improves PDCCH reliability. This method poses lower
network complexity compared to SFN as tight synchro-
nization among the TRPs is not crucial. However, the
memory requirements in case of inter-span or inter-slot
repetition and the handling of the decoding of a com-
bination of linked and individual PDCCH candidates
in a given monitoring occasion result in an increased
UE complexity. Different use-cases are supported by
this repetition scheme depending on the scheduling of
the PDCCH in the time domain. Networks with non-
ideal backhaul across TRPs are best suited to imple-
ment non-SFN-based PDCCH enhancements. 3GPP
Rel. 17 supports this enhancement with UE capability
reporting and specification of PDCCH decoding priority
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rules, thereby providing compatibility and co-existence
with the PDCCH from previous releases.

o Non-SFN-based PDCCH repetition with non-identical
AL values incurs varying overhead compared to SFN-
and single-TRP transmissions based on the AL value
used for the repetitions. Accordingly, it provides varying
degrees of PDCCH robustness. For a baseline PDCCH
of AL L, performing a repetition using a PDCCH of
AL lower than L, provides a reduced-overhead option
for PDCCH reliability enhancement and supports UEs
with limited PDCCH buffering capability. Due to the
flexibility on the choices of the AL for the PDCCH repe-
titions, this method offers varying degrees of robustness.
Moreover, network adaptability to PDCCH overhead
changes and channel variations, among other UE and
network conditions, is possible with suitable specifica-
tion changes. Since the choice of the AL values used for
the PDCCH repetitions determine the feasibility of soft-
combining at the UE, gNodeB scheduling is crucial to
reaping the performance gains of the repetitions.

o Non-SFN-based split-PDCCH transmission offers sig-
nificant gains when blockage is taken into account in
FR2 scenarios with no extra PDCCH overhead. Intra-
slot- or intra-span-based split provides similar PDCCH
latency to that of the single-TRP case. It is there-
fore attractive in FR2 scenarios with tightly synchro-
nized TRPs and/or reduced-capability UEs, and provides
robustness against blockage with negligible additional
costs.

The enhancements discussed in this paper are restricted to
PDCCH diversity in time and/or frequency domain using
multiple TRPs. Multi-layered PDCCH transmission, with dif-
ferent layers transmitted from different TRPs, similar to the
PDSCH in 3GPP Rel. 16, is an enhancement worth exam-
ining in the future. Moreover, as 3GPP RANI discusses the
potential support for coherent joint transmissions (or cell-free
massive MIMO) in 3GPP Rel. 18 [21], a further avenue of
PDCCH reliability enhancement is opened up for study.
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