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5G New Radio (NR) is coming faster than expected with early deployments which take
place early 2019. It is more than a new mobile generation that offers higher data rates
compared to previous generations, although it’s still the main driver. It will enable many
new use cases and deployment scenarios that can be put into three main categories: en-
hanced mobile broad band (eMBB), ultra-reliable low latency communications (URLLC)
and massive machine type communications (mMTC).

5G NR aims to further increase frequency resources utilization and efficiency. Cell edge
users usually suffer from high levels of interference known as inter-cell interference. This
phenomenon results in lower performance for the cell edge users and inefficient utiliza-
tion of radio resources. Link adaptation techniques aim to increase cell edge performance
by exploiting varying channel conditions and interference level at user equipment (UE).
In this thesis channel state information (CSI) is studied as an essential part of link adap-
tation process. Channel quality indicator (CQI) is the main component of CSI reports
from UE that gives recommendations about the next transmission modulation order and
code rate. The accuracy of reported CQI depends on the accuracy of channel and inter-
ference measurements. In this thesis two different interference measurement methods
based on two reference signals are studied: CSI interference measurement (CSI-IM) and
non-zero power CSI reference signal (NZP CSI-RS). In this thesis performance with dif-
ferent configurable factors, different channel models and UE speeds are considered.
Overall system overhead is also studied to give recommendation about the configuration
of lower system overhead. Simulation results has shown that CSI-IM based interference
measurement is more efficient compared to NZP CSI-RS method and operates well in
different channel scenarios and different UE speed. While NZP CS-RS shows sensitivity
to frequency selective channels and in higher user mobility cases. On the other hand, from
overall system overhead perspective, CSI-IM based configuration is the best solution.
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1. INTRODUCTION

The demand for voice and data communications has increased exponentially over the last
decades. Such increasing demand triggered new mobile access technology every ten
years. Data hungry applications, such as online streaming with increasing resolution and
viewing time are the driving wheels for the continuous evolutions in the mobile access
technologies. UE that supports 4k video streaming will need a data rate of 15.4 Mbps per
user [1]. It is expected that the annual mobile traffic will increase to 291.8 exabyte by
2019 [2]. The wireless communications will connect everything and anything in the next
years to come. This will affect people’s life and society to operate using the existing re-
sources efficiently. 5G NR will be in the heart of this process as it is coming as a new
platform of innovations that will redefine many industries and introduce new services.

1.1 5G New Radio overview

The third-generation partnership project (3GPP) has approved the first specification of
the new fifth generation radio interface known as 5G New Radio (NR), that is Release 15
by the end of 2017. The first NR deployment will depend on existing LTE network for
initial access and mobility management, which known as non-standalone operation and it
1s expected to take place in 2019. 5G NR will continue to be driven by very high demand
for higher data rates, increased overall capacity and better coverage. 5G NR promises to
support 10 Gbps peak data rates and 100 Mbps generally in the urban and suburban areas.
This implies providing data rates about 10 times compared to the existing wireless tech-
nology. However, 5G NR is unlike the previous generations and it offers more than this.
For example, 5G NR will support mMTC that requires handling very large number of
connected devices operating with minimum energy consumption. For example, a large
number of connected sensors that collect different kind of data. This requires possibility
for very low-cost devices and operating with extremely low energy to support a 10 years
life time battery. Because in some deployment scenarios it is hard to change the battery
regularly.

URLLC is another category for new use cases that 5G NR will support. URLLC will
enable new services that requires data delivery with very high reliability and at the same
time very low latency. It is required to support end to end latency in the order of 1 ms and
very low error rate below 10”°. For example, this can enable safer and more autonomous
transportation. The first 5G NR specification that is Release 15 will focus on standardiz-
ing eMBB and URLLC [3].



Forward compatibility is one important designing principle for the new radio interface,
that it can support the future not foreseen yet new use cases and deployment scenarios.
Moreover, a self-contained integrated subframe design enables efficient multiplexing of
different services on the same network [4]. Enhanced mobile broadband (eMBB) will be
enabled by combining different technologies, whereas 3GPP has agreed that 5G NR can
operate from below 1GHz up to 52.6 GHz both in licensed and unlicensed spectrum. This
allows operating at millimeter-wave (mmWave) frequencies, therefore very large trans-
mission bandwidths can be deployed enabling for higher data rates and system capacity.
Although operating in mmWave bands come with price of a very challenging propagation
conditions where higher signal attenuation is introduced limiting the network coverage.
This can be partially tackled by massive MIMO technologies enabled by very small size
of antenna elements. It should be noted that operation at low frequencies will be essential
part of 5G NR to provide the basic coverage to the network, while higher frequency bands
will be used to support users with very high data demands [3].

1.2 Objective and thesis scope

In this thesis, link level performance of 5G NR downlink data channel is evaluated for
UE on the cell edge with interference model. In this model the link between one serving
cell and one UE is modeled. Also, two interfering cells are modeled, where based-band
signals are generated and added to the received signal at UE according to the defined
interference to noise ratio (INR) profile. The serving cell is using link adaptation (LA)
techniques to follow channel state information (CSI) reports from UE. CSI consists of
channel quality indicator (CQI), precoding matrix index (PMI), CSI-RS resource indica-
tor, layer indication(LI), rank indication (RI) and / or L1-RSRP. However, in this thesis
we focus only on CQI as one of the CSI components that reflects average channel condi-
tions and interference levels at UE.

In LA process, transmission settings including for example: modulation scheme and code
rate are defined based on reported CQI from UE. LA aims to efficiently utilize the avail-
able radio resources and increase system capacity by exploiting the varying channel con-
ditions. In order to calculate CQI, an accurate channel and interference measurements are
needed at UE side. In this thesis, the objective is to study different reference signal-based
interference measurement and define the most accurate and efficient one. Since the qual-
ity of channel and interference measurements needed to calculate CQI strongly affects
the quality of LA process, two reference signals are studied in this thesis. First, CSI-
interference measurement (CSI-IM) reference signal (RS) where empty resource ele-
ments (REs) in subframe of serving cell are defined to collide with the data REs in sub-
frame of interfering cells. Second, Non Zero Power CSI-RS (NZP CSI-RS) where it is
scheduled for two purposes, firstly is to get channel measurement and secondly it can be
also used to get interference measurement. The performance of previously mentioned RS-
based interface measurement is evaluated using different channel models and different



UE speeds. Moreover, in this thesis a performance comparison between two proposed
methods are studied trying to answer one question, which RS based interference meas-
urement is more accurate and results in overall best performance taking into consideration
the total system overhead. Extensive link level simulations are carried out to conduct this
study. The goal is to define the optimal operating configuration that delivers the highest
performance and lowest system overhead.

1.3 Thesis structure

In Chapter two, the basic understanding of 5G NR physical layer is introduced. Concepts
such as: orthogonal frequency division multiplexing (OFDM) as the main modulation
scheme in downlink transmission in NR is introduced. Moreover, DFT- spread OFDM as
the uplink modulation scheme, frame structure and flexible numerology are explained. In
Chapter three, theoretical framework and fundamentals of this thesis are explained. For
instance, LA techniques are explained as an essential tool in any cellular system to effi-
ciently utilize radio resources and improve cell-edge performance. Moreover, CSI re-
porting is discussed in details. Channel and interference measurements necessary of CQI
calculations are introduced. Chapter four, defines simulation assumptions and link level
performance of each RS-based interference measurement. Furthermore, A comparison
between two interference measurement methods are studied. Overall system overhead
analysis for different configurations is also studied. Finally, Chapter five, is thesis con-
clusion and final remarks.



2. PHYSICAL LAYER OF 5G NR

In this chapter, a basic understanding of 5G NR downlink physical layer is given. 5G NR
is more than a new mobile generation with further enhancement in mobile broadband
capabilities in terms of high data rates, coverage and capacity. New use cases and deploy-
ment scenarios are to be enabled with 5G NR with very low latency and high reliability.
Moreover, improved network energy performance and operation in a very high frequency
bands where higher bandwidth is available. In this chapter, OFDM is explained as the
main waveform used for downlink data transmission for its benefits as a frequency effi-
cient waveform and orthogonality between subcarriers. DFT-S-spread is also introduced
as uplink waveform to overcome peak to average power ratio problem inherited in OFDM
signal which becomes challenging in uplink transmission. 5G NR will adopt flexible nu-
merology for subcarrier spacings to enable different deployment scenarios. In this chap-
ter, the effect of such flexible numerology on frame structure is explained. Moreover,
reference signals, channel coding and physical channels are introduced.

2.1 Orthogonal Frequency Division Multiplexing

In this section, an overview of an OFDM signal is introduced. OFDM is the main modu-
lation scheme in LTE/LTE-advanced and it is chosen to be the successful candidate
among many proposed modulation schemes in 5G NR [9]. OFDM signal has very high
spectral efficiency that meets 5G NR requirements for very high spectral efficiency.
Moreover, OFDM signal is robust to time and frequency channel selectivity by proper
choice of subcarrier spacing and cyclic prefix (CP) [5]. OFDM receiver has the lowest
complexity compared to all waveforms candidates studied for 5G [11].

Basically, OFDM is a multicarrier transmission intended for high data rate communica-
tions to cope against channel selectivity both in time and frequency. Due to increasing
demand for higher data rates, more bandwidth is allocated for transmission through the
channel. The total allocated bandwidth is divided into very large number of relatively
narrowband subcarriers. Each subcarrier is carrying a modulated symbol that is transmit-
ted in parallel into the channel. These subcarriers should be orthogonal to each other, so
that modulated symbols can be detected properly at the receiver [6]. Orthogonal subcar-
riers are overlapping in frequency domain, this structure provides higher spectral effi-
ciency compared to conventional frequency division multiplexing (FDM) scheme, this
can be seen in Figure 1.
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The frequency separation Af, between subcarriers, i.e., subcarrier spacing is Af = /T,
where 7, 1s subcarrier symbol period, thus subcarrier spacing is equal to symbol rate /7.
A basic rectangular pulse shape is used in OFDM systems with time width of 7, as shown



in Figure 2, resulting in a spectrum of individual subcarrier has the shape of sinc function
as shown in Figure 3. Figure 3, shows the orthogonality between subcarriers where at the
peak amplitude of each subcarrier there is a zero amplitude (null) for other subcarriers.
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Figure 4. OFDM signal modulation

An OFDM signal can be generated through a bank of modulators. Each modulator corre-
sponds to each subcarrier which has proven to be not practically feasible. Alternatively,
a practical low complexity implementation using computationally efficient Fast Fourier
Transform (FFT) is used. In the transmitter side, the upcoming data symbols N. are
mapped to the input bins of Inverse Fast Fourier Transform (IFFT). Therefore, OFDM
transmission is block based, where one block carriers a maximum of N. data symbols.

In Figure 4, basic OFDM transmitter is introduced. The upcoming N. modulated data
symbols are mapped to input bins of size-N IFFT block, with the rest N-N. bins are ex-
tended with zeros. The N output samples are converted into serial stream after parallel to
serial block then time domain signal x(?) is generated after digital to analog converter. It
is worth noting that, the choice of IFFT size N should be equal to 2" for some integer m,
so that the efficient radix-2 IFFT can be implemented. Moreover, the choice of N should
exceed N, with sufficient margin so that the sampling theorem is fulfilled [8].

In the receiver side, OFDM signal demodulation is processed with FFT block. It can be
seen in Figure 5, that received signal is sampled with sampling rate fs =N x Af, and
mapped to size-N FFT bins. The unused bins are discarded obtaining the N.data symbols
and forwarded to further processing.
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Cyclic prefix

OFDM signals are very sensitive to time dispersive nature of the frequency channels that

leads to loss of orthogonality between subcarriers. Time dispersive nature of radio chan-

nel stems from multipath propagation environment where multiple copies of the transmit-

ted signal are received at the receiver with different delays, amplitudes and phases. Dur-

ing demodulation period 7, there will be overlap with other symbols of a different paths

causing inter-symbol interference (ISI) and loss of orthogonality between subcarriers

known as inter-carrier interference (ICI). Figure 6, shows ISI in multipath propagation

environment where two paths are shown as an example, the direct component and delayed

one.
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IST and ICI can be effectively eliminated by insertion of the so called cyclic prefix (CP).

This can be done by copying the last part of OFDM symbol and insert it at the beginning
of the OFDM symbol. CP insertion means that OFDM symbol length is increased to be
Tu+Tcp , where Tcp is length of CP. Consequently, it increases the relative overhead.

Figure 7, illustrates the insertion of cyclic prefix and its effect on multi-path propagation.

It can be seen that ISI is eliminated, and orthogonality is maintained between subcarriers

as long as Tcp is higher than the time span of the time dispersion of the radio channel.

Practically, CP is implemented as follows. The last N, samples of the IFFT output block

of length N are copied and inserted at the beginning of the block. At the receiver side, the

received signal is sampled at sampling rate f; to get the sampled version r, of the received

signal. N, samples are removed before FFT processing block [8]. Baseband model of

OFDM transmission and reception is given in Figure 8.
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Figure 8. Baseband model of OF DM transmission and reception

It is worth noting that CP insertion effectively solves the ISI and ICI problem, but it comes
with the price of increased signal overhead where redundant bits are transmitted resulting
in reduced OFDM symbol rate. In general, there is a tradeoff between CP overhead and
the IST due to time dispersion that is not covered by the CP.

In 5G NR and unlike in LTE, flexible numerology with multiple subcarrier spacings are
introduced to support diverse frequency bands, different deployment scenarios and use
cases. 5G NR will operate in mmWave bands, where high bandwidth is being used (e.g.,
100 MHz). In LTE, increasing bandwidth can be achieved by increasing the number of
subcarriers which means increasing FFT size. This leads to increase computational com-
plexity. In NR this can be avoided by using higher subcarrier spacing that allows for lower
FFT size [4]. Also, a small subcarrier can support relatively long CP with reasonable
overhead, whereas higher subcarrier spacing are more robust against phase noise with
higher carrier frequencies expected to be used in NR [3]. Maximum component carrier
bandwidth is 400 MHz can be supported. In case of larger bandwidth required, carrier
aggregation can be used up to 16 component carriers, with maximum of 3300 active sub-
carriers per carrier component. Table 1, shows OFDM subcarrier spacings supported and
maximum allowable bandwidth, where u is given by higher layers configurations [10].



Table 1. Supported transmission numerologies.
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u Af = 2*.15 kHz Max BW(MHz) Cyclic prefix
0 15 50 Normal

1 30 100 Normal

2 60 200 Normal, Extended
3 120 400 Normal

4 240 - Normal

2.2 DFT - Spread OFDM

Peak to average power ratio (PAPR) is the main drawback of the OFDM signal. PAPR
problem reduces power amplifier efficiency significantly, especially in mobile terminals

where the power amplifier design becomes more challenging and costly [13]. DFT-
Spread OFDM is the transmission scheme used in 5G NR uplink data transmission for its
desired properties that combine low PAPR, low complexity and high quality equalization
[8]. DFTS-OFDM basic transmitter is illustrated in Figure 9. A block based transmission
is supported similar to OFDM, where a block of M modulated symbols is applied to M-
size DFT. The output of the DFT is applied to N-size IDFT with N > M, where the unused
input bins are set to zero. The output of IDFT in this case will have single carrier proper-
ties with low PAPR and bandwidth depends on M. A CP is added to each transmitted
block, allowing for low complexity frequency domain equalization at the receiver.

Ao, A],. . .,AM.1
— >

0—»

Size-M

DFT :

00—

Size N

IDFT

\ 4

CP

D/A x(t)

P/S

Figure 9. DFTS-OFDM modulation.

|
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Flexible bandwidth assignment can be achieved by varying the block size M, where the
transmitted bandwidth BW = M/Nx f;, where fs is the sampling rate at the output of the
IDFT. Moreover, user multiplexing can be achieved by controlling the DFT output map-
ping to IDFT input bins, so that the transmitted signal is shifted in frequency domain.
DFTS-OFDM receiver structure is illustrated in Figure 10. Basically, the transmitter ef-
fect is being reversed. CP is removed for each received block. Then N size DFT operation
is carried out. The output samples of DFT operation correspond to samples set to zero at
the transmitter are discarded. For the radio channel frequency selectivity to be compen-
sated, a frequency domain equalizer is applied after DFT block. Finally, M size IDFT is
applied to the output of equalizer [17].

—>
i dicarded
i " zeros
—
Stze: i Frequenc i Size-
r) s CP N ; quency . iy
Vn | domain ,
_» : i i : 1 . 1 C-
removal DFT i equalization i IDFT ao, ..., ANe1
—» ;
—
| dicarded
| Zeros
L »

Figure 10. DFTS-OFDM demodulation.
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2.3 Frame structure

1 Radio frame = 10 subframe (each 1 ms) = 10 ms

d L‘
<« >

SFO ] SF1 I SF2 I SE3 I SF4 I SES I SF6 I SF7 I SE8 I SF9

1 subframe =1 slot =1 ms

| SC=15kHz

1 slot =14 symbols=1 ms
00 IS ——— |

1 subframe =2 slot =1 ms

1 slot =14 symbols= 0.5 ms

Figure 11. 5G NR frame structure for SC = 15, 30 kHz

In the time domain, 5G NR transmissions are organized into frames of fixed length 10
ms, each frame is divided into an equally sized subframes of length 1 ms regardless the
used subcarrier spacing numerology. Figure 11, shows the frame structure for p= 0 and
1. It shows that for 15 kHz subcarrier spacing one subframe consists of one slot, while
for 30 kHz subcarrier spacing one subframe consists of two slots. It should be noted that
different numerology corresponds to different number of slots per subframe where num-
ber of OFDM symbols within subframe is fixed to 14 OFDM symbols. Table 2 shows
that slot duration decreases as subcarrier spacing increase [10].

Similar to LTE, 5G NR available physical resources can be seen as a resource grid, where
the subcarrier spacing defines the frequency step and the time dimension consist of con-
secutive OFDM symbols. A resource element (RE) is the smallest physical resource. It
consists of one subcarrier during one OFDM symbol period and it can carry one complex
valued symbol. REs are grouped into resource blocks (RB) each of which consist of 12
consecutive subcarriers in frequency direction and 14 OFDM symbols in time direction
in case of normal CP (12 OFDM symbols in case of extended CP). The 5G NR physical
resource grid is illustrated in Figure 12.



Table 2. Slot length per numerology
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Subcarriers

: v v .
0 14 (1 ms) 10 1
1 14 (500 us) 20 2
2 14 (250 us) 40 4
3 14 (125 us) &0 8
4 14 (62.5 us) 160 16
5 14 (31.25 us) 320 32
Freq. 1 slot Resource
\ SC 12
element
| L
&
i Resource
i block
SC 1
Sym 1 e Sym 14
OFDM symbols - Time

Figure 12. 5G NR time-frequency resource grid
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2.4 Reference signals

Reference signals are known symbols for both transmitter and receiver scheduled on spe-
cific resource elements in the time-frequency grid. In 5G NR different reference signals
are introduced to support different functions. Demodulation reference signal (DM-RS) is
mainly used by UE to estimate channel coefficients for coherent data modulation. More-
over, it can be also used for time and frequency offset estimation in the receiver. Phase-
tracking reference signal (PTRS) is defined in NR to enable compensation of oscillator
phase noise as it increases when operating in higher frequency bands (e.g. mmWave).
Channel state information reference signal (CSI-RS) is introduced mainly to support CSI
reports by UE, but it can be used in RRM measurements and other receiver algorithms.

5G NR has ultra-lean design principle that aims to minimize always-on transmissions, to
enable higher network energy performance and enhance achievable data rates [3]. Al-
ways-on signals refer to signals transmitted for base station detection, system information
broadcast and reference signals for channel estimation. Cell-specific reference signals
(CRS) is an example for signals used for channel estimation for coherent demodulation.
In LTE, different multi-antenna transmission schemes are mapped to different transmis-
sion modes (TM). These TMs are different in terms of structure of antenna mapping and
what reference signals are used for demodulation process. There are ten different trans-
mission modes defined. Single antenna transmission corresponds to TM 1 while, others
correspond to multiantenna transmission schemes. CRS is used in transmission modes
from 1 to 6 using antenna ports from 0 to 3 for demodulation of all physical channels,
CSI reports and other receiver algorithms. DM-RS is used for transmission modes from
7 to 10 for data demodulation while CSI-RS is used of CSI reports. It should be noted
that CRS is still present for other channels demodulation (e.g. PBCH and PDCCH) and
for legacy UEs that not supports TMs 7 to 10. Unlike in LTE, 5G NR does not support
cell-specific reference signals and NR reference signals are only transmitted when neces-
sary. For example, DM-RS for data demodulation is only transmitted when there is data
to be transmitted [8].

Downlink reference signals supported by NR are discussed next:

1- Demodulation Reference Signals

DM-RS is UE-specific reference signal used by UE to estimate the radio channel
coefficients for coherent data demodulation. It is only transmitted within the resource
blocks assigned for transmission to that UE. DM-RS can support multiple layer
MIMO transmission by scheduling multiple orthogonal DMRS ports, one for each
layer. Orthogonality is achieved by FDM (comb structure), TDM and CDM (with
cyclic shift of the base sequence or orthogonal cover codes) [14].
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DM-RS density within resource block depends heavily on the channel properties, that
if the channel is highly selective in frequency domain (i.e. smaller coherence band-
width), higher density DM-RS allocation in frequency domain is adopted. Similarly,
if the channel is more variant in time (i.e. smaller coherence time), more OFDM
symbols are allocated for DM-RS. The front-loaded DMRS is basic pattern, as it
enables early decoding requirement to support low-latency applications. DM-RS is
allocated between control region and data region as illustrated in Figure 13, so when
channel estimation is obtained using DMRS symbols, the data can be demodulated
immediately.
Freq.

A

B Control region
B DM-RS

. Data

>
Time

(a) One-OFDM symbol (b) Two-OFDM symbols

Figure 13. Front-loaded DM-RS slot structure

The front-loaded DM-RS pattern with one OFDM symbol allocation as illustrated in
Figure 13a, 1s intended for low mobility cases where the channel coherence time is
higher than slot duration. However, in higher mobility cases where coherence time is
smaller than slot duration, one OFDM symbol is not enough to capture channel vari-
ations and channel estimation performance is degraded. So, two or more OFDM sym-
bols can be allocated for DM-RS to capture channel variations in time. Figure 13b
shows two OFDM symbols allocated for DM-RS. It should be noted that DM-RS
symbols don’t carry any useful data, so it is considered as overhead, so there is a
tradeoff between channel estimation accuracy and DM-RS overhead [25].

2- Channel state information reference signals

CSI reference signal (CSI-RS) is first introduced in LTE Release 10. The main
purpose for CSI-RS is to have separate reference signal to get CSI by UE. CSI
reports are used by the base station for channel dependent scheduling, link adap-
tation and transmission settings of multi-antenna transmission. It should be noted
that, higher degree of flexibility and more optimization can be achieved by having
separate reference signals for channel estimation and to get channel state infor-
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mation. DM-RS is transmitted with high density only when there is data transmis-
sion. CSI-RS is an efficient tool to get CSI for given number of network nodes and
antenna ports.

The structure of the CSI-RS used by UE is given by the higher layer parameter
NZP-CSI-RS-Resource configuration. CSI-RS is transmitted on 1, 2, 4, 8, 12, 16,
24 or 32 antenna ports. In time domain, CSI-RS can be scheduled with different
periodicity starting from 5 ms up to 640 ms, in other words it can be scheduled
twice every frame up to every 64 frames. CSI-RS periodicity and the exact sub-
frame in which CSI-RS is scheduled can be also configured by CSI-RS time con-
figuration as part from higher layer parameter mentioned above [26].

Zero-Power CSI-RS

ZP CSI-RS can be defined as a set of resource elements with the same structure as
conventional Non-Zero Power CSI-RS. The idea with Zero-Power CSI-RS is to
define additional resources which UE should assume that PDSCH is not mapped.
These resources may be used for interference measurements colliding with CSI-
RS corresponding to another interfering links. Moreover, it may correspond to
CSI-IM resources discussed later in section 3.5 [8].

Phase-tracking reference signals (PTRS)

PTRS is introduced in NR to enable compensation of oscillator phase noise. Typ-
ically, phase noise increases as a function of oscillator carrier frequency. PTRS
can therefore be utilized at high carrier frequencies (such as mmWave) to mitigate
phase noise. One of the main degradations caused by phase noise in OFDM signal
is identical phase rotation of all the subcarriers, known as common phase error
(CPE). PTRS is designed so that it has low density in frequency domain and high
density in time domain, since the phase rotation produced by CPE is identical for
all subcarriers within an OFDM symbol, but there is low correlation of phase noise
across OFDM symbols. PTRS is UE-specific, confined in a scheduled resource
and can be beamformed. The number of PTRS ports can be lower than the total
number of ports, and orthogonality between PTRS ports is achieved by means of
FDM. PTRS is configurable depending on the quality of the oscillators, carrier
frequency, OFDM subcarrier spacing, and modulation and coding schemes used
for transmission [14].
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2.5 Channel coding

5G NR channel coding is based on low-density parity check (LDPC) codes for the data
channel. LDPC codes are defined by their parity check matrices, with each column rep-
resenting a coded bit, and each row representing a parity check equation. LDPC decoding
is done by exchanging messages between variables and parity checks in an iterative man-
ner. The LDPC codes proposed for NR use a quasi-cyclic structure, where the parity
check matrix is defined by a smaller base matrix. Similar to LTE, hybrid automatic repeat
request (HARQ) retransmission using incremental redundancy is supported, where the
erroneous received data can be retransmitted by the gNodeB and the UE combines the
soft information from multiple transmission attempts.

Polar codes will be used for layerl and layer2 control signaling, except for very short
messages. It will be also used for channel coding for broadcast channel. Polar codes are
the first class of codes shown to achieve the Shannon capacity with reasonable decoding
complexity for a wide variety of channels. By concatenating the polar code with an outer
code and keeping track of the most likely values of previously decoded bits at the decoder
(the list), good performance is achieved at shorter block lengths, like those typically used
for layer 1 and layer 2 control signaling. By using a larger list size, error correction per-
formance improves, at the cost of higher complexity at the decoder [14].

2.6 Physical channels

In this section, a brief introduction of physical channels is introduced. In general, physical
layer is responsible for layer-1 physical channels, generation of physical signals and mod-
ulation. It defines the uplink and downlink physical channels, frame structure, data mod-
ulation (e.g. BPSK, QPSK, etc.) and physical resources mapping. Moreover, OFDM sig-
nal generation and multi-antenna processing.

Basically, a physical channel is mapped to set of resource elements carrying information
generated from higher layers. 5G NR defines in total six physical channels. In downlink
transmission three physical channels are defined as physical downlink shared channel
(PDSCH), physical broadcast channel (PBCH) and physical downlink control channel
(PDCCH). Similarly, in uplink transmission three physical channels are defined: physical
uplink shared channel (PUSCH), physical uplink control channel (PUCCH) and physical
random-access channel (PRACH). PDSCH and PUSCH are the main physical channels
that carry the user data to/from user equipment. The term “shared” stems from the fact
that, there are simultaneous frequency separated transmissions to different UEs. In order
for the UE/base station to receive and decode the transmitted data, there are other physical
channels introduced to provide the necessary control information. For example, PBCH
carries system information for the UEs to access the network. PDCCH plays a key role in
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downlink transmission as it carries scheduling information that defines downlink sched-
uled resources, uplink power control instructions, uplink resource grants and transmission
scheme and MCS [8].

2.7 5G NR spectrum and Duplex schemes

As mentioned earlier, 5G NR will support multiple and diverse use cases and deployment
scenarios. This will require different bandwidths to support different deployments. For
example, mMTC will require relatively small bandwidth. In contrast, for eMBB very high
data rates are supported that requires very large bandwidth. In 3GPP Release 15 the first
5G NR standard, a wide range of operating bands are supported up to 52.6 GHz. These
bands are categorized into two frequency ranges: Sub 6 GHz range is called frequency
range one (FR1) and frequency range two (FR2) also known as millimeter wave band
(mmWave) [15]. Table 3, defines the corresponding frequency allocations for each fre-
quency range.

Table 3. NR frequency ranges

Frequency ranges Spectrum allocation
FR1 450 MHz - 6000 MHz
FR2 24250 MHz —- 52600 MHz

Most of nowadays commercial radio communications such as AM/FM radio, cellular sys-
tems and satellite communication are operating in a small part of RF spectrum that is
300MHz to 3GHz. This band has desirable propagation characteristics that attracts these
services. However, due to increase demand for higher data rates and system capacity,
frequency bands higher than 3 GHz need to be exploited. Spectrum range between 3-300
GHz defines mmWave frequency band that corresponds to wavelengths from 1 to
100mm. It allows for very large system bandwidth that enables eMBB applications. Prop-
agation characteristics of mmWaves band are challenging. For example, high free space
path loss that accounts for most of signal losses due to high carrier frequency. This prob-
lem can be solved by means of beamforming techniques. Moreover, mmWaves suffer
from very high penetration losses as it can’t penetrate most of solid material. Heavy rains
can cause significant signal losses. Raindrops are nearly same size of the signal wave-
length causing scattering of propagating signal [7].

5G NR will support both FDD and TDD duplexing schemes. The first 5G NR standard
Release 15, will focus on dynamic TDD. In dynamic TDD, each OFDM symbol in a slot
can be allocated as downlink, uplink or flexible based on the scheduler decision.
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Figure 14. Slot format configurations
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Figure 15. Paired and unpaired spectrum allocations

As can be seen from Figure 14, slot can be scheduled to be only downlink transmission,
only uplink transmission or the newly introduced concept of self-contained slot to support
low latency requirements applications and allows multiplexing of different services in the
same network. Slot format is defined according to Table 4.3.2-3 in [10] which contains
62 different slot formats and up to 255 reserved for future use.

Both paired and unpaired spectrum are supported in 5G NR. Figure 15, shows that at
lower frequency bands, allocations are paired with FDD operation. Unpaired spectrum is
used at high frequency bands allowing TDD operation [12].
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2.8 Multi-antenna transmission and Beamforming

5G NR will be using different multi-antenna technologies based on the operating fre-
quency band. In general, a massive number of controllable antenna elements will be de-
ployed in the base station allowing simultaneous transmission and reception with multiple
spatially separated users. At lower frequency bands, full-dimension MIMO is enabled
with antenna elements up to 32 and FDD operation is supported. This needs channel
knowledge at the base station, hence CSI-RS is transmitted in the downlink transmission
and CSI reports are delivered in the uplink direction. Transmission with high bandwidth
is not available in this band so high spectral efficiency is achieved by higher order spatial
multiplexing. At higher frequency bands, a larger number of antenna elements can be
adopted in a given area due to shorter wavelengths which enhances the performance of
beamforming and MU-MIMO. TDD operation is assumed and channel reciprocity is ex-
ploited where high resolution CSI is required at the base station. Uplink reference signals
are used to estimate the channel response in the uplink direction. The CSI is then used in
uplink “receive combining” and downlink “transmit precoding”. For higher frequency
bands i.e. mmWave band, a very large number of antenna elements is used for beamform-
ing to maintain coverage and overcome the increased path loss [14].
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3. THEORETICAL FRAMEWORK AND FUNDAMENTALS

In this chapter, thesis theoretical framework is introduced. The concept of link level sim-
ulator and the proposed interference model are explained. Then radio communication
channel is discussed briefly. Moreover, basic understanding of LA is discussed since its
performance is directly related to the quality of interference measurement. LA is an es-
sential part of any cellular system and it is used by base station to adapt the transmission
settings based on interference and channel conditions at UE. CSI feedback in the form of
CQI gives base station recommendation about the next transmission parameters. CSI re-
ports is prepared based on channel and interference measurements in the UE. The concept
of CSI feedback and related channel and interference measurements are explained in de-
tail in this chapter.

3.1 Link level simulator and interference model

Performance of wireless communication systems can be measured in two levels known
as: link-level and system-level simulations. Link-level simulation usually measures the
performance of different physical layer technologies where single cell and single UE is
typically simulated. In link-level simulations the transmitter is modeled, so the transmit-
ted signal is generated and then distorted by modeling the channel effect. Receiver side
is also modeled where AWGN is added to the received signal then different receiver al-
gorithms are applied to recover the transmitted signal. There are different performance
metrics used in link-level simulations, for example: link throughput (TP) and block error
rate (BLER) against link signal to noise ratio (SNR) or signal to interference plus noise
ratio (SINR). On the other hand, System-level simulations are essential to evaluate net-
work performance in different load scenarios and in network planning. In this thesis, link
level simulator is extended to support multi-cell scenario. It has capability to simulate 5G
NR downlink transmission and it is used to evaluate the cell-edge user performance with
the given interference model.

The proposed interference model consists of one serving gNB and two interfering gNBs
as shown in Figure 16. In order to reduce complexity, only the closest two interferers are
modeled and the other distant interferes are assumed to be additional noise. The simulator
generates independent downlink data transmissions from interfering gNBs that are dis-
torted by the radio channel and added to the useful data transmission received from the
serving gNB with interference to noise ratio (INR) profile adopted.
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Figure 16. Interference model consists of one serving cell and two interfering cells

In Figure 16, s, i4, and iw, are the received signals by the intended UE from serving cell,

dominant interferer cell and weaker interferer cell respectively, and Hs, Hq, and H,, rep-

resents the channel responses of the received signals. Many companies have evaluated

different INR profiles and interference settings are agreed by 3GPP for the companies to

simulate with the same settings [23]. INR profiles can be mapped to the so called Domi-

nant Interferer Proportion (DIP) profiles, which are used in the simulator. INR profiles

defines the SNR of the explicitly modeled interferes(s) whereas, DIP profile defines

power ratio(s) between the explicitly modeled interferer(s) and the overall interference

plus noise power. In this thesis INR3 is used for simulations that maps to DIP profile of
[-0.524416 -11.09441] dB. The exact mapping between INR profile to DIP profile is not
in the scope of this thesis.
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Figure 17. Extended link-level simulation
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Extended link-level simulation with multi-cell scenario can be seen in Figure 17. Where
S-gNB represents the serving gNB transmitting useful data, I-gNB represents interfering
gNBs transmitting interfering signals and n(?) represents AWGN noise component. Each
signal is generated and distorted independently by the radio channel. Figure 17, shows
that useful signal is distorted by noise and signals from interfering gNBs. The overall
received signal can be represented as follows:

y(©); = Tt xi(8) *hy () + m(t) + Tact i yNe i (mt)  (3.)

where N; represents the number of transmit antennas, Nc.; represents the number of inter-
fering gNBs. [; ;(m, t) represents interfering signal from interfering gNB m transmitted

from antenna i to receive antenna j.

3.2 Radio communication channel

The radio communication channel is characterized by a very fast and random variations
in channel conditions. These variations can be categorized into large-scale variations and
small-scale variations. Large-scale variations are for example, path loss defined as the
mean loss of signal strength for a given distance between transmitter and receiver. In
addition to path loss, there is shadow fading due to large obstacles in the signal path.
Multipath propagation environment results in small scale variations defined as very fast
fluctuations of the received signal level over very short distance or time. Small scale var-
iations results in frequency selectivity of the radio channel.

In multipath propagation environment, multiple copies of transmitted signal reach re-
ceiver with different delays and powers. These copies are combined at the receiver and
can be added constructively or destructively. If the received copies are arrived with very
small delays compared to symbol duration, the radio channel is considered to be flat or
non-frequency selective. However, if the symbol duration is small for example in wide-
band transmissions, the received signal delays are high compared to the symbol duration
resulting in frequency selective fading. On the other hand, radio channel time selectivity
is directly related to receiver mobility and can be characterized by coherence time. Co-
herence time defines how long the channel condition remains constant with a certain cor-
relation. It measures how fast the channel changes, so slowly changing channel has high
coherence time and vice versa [24].
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3.3 Link adaptation

Link adaptation (LA) is a key feature that is used in every mobile communication cellular
system. It refers to adapting transmission settings to take advantage of the varying channel
response. The transmission settings to be adjusted are for example: modulation order and
coding rate known as rate adaptation. Transmission power can be also adjusted known as
link adaptation by power control. The purpose of LA is to improve system capacity, peak
data rates and coverage reliability. System capacity is improved by efficient utilization of
frequency spectrum as it is very scarce and expensive resource in wireless communica-
tions [21]. In principle, LA aims to exploit the varying nature of the radio channel by
dynamically changing the transmission settings based on the changing channel conditions
and interference levels at the UE. LA is performed at the base station and decisions about
the next transmission settings (e.g. modulation order and code rate) are based on CSI
reports provided by the UE. CSI reports to be explained next in Section 3.4.

In practice, the values of transmission settings are grouped and quantized together in so
called modulation and coding schemes (MCS). In 5G NR two different MCS tables are
defined in [26]. Table 4, shows the first table consists of 29 indices, corresponds to QPSK
up to 64 QAM modulation scheme. Second table consists of 28 indices corresponds to
QPSK up to 256 QAM. Each index of these table is a combination of modulation order,
target code rate and the corresponding spectral efficiency. Since each index of these tables
has different data rates and robustness level i.e., minimum SNR needed to activate the
corresponding MCS. They are optimal to be used in different channel/link quality regions.
The goal of LA is to ensure that the most efficient MCS is always used over varying
channel conditions. Very low MCSs are used to enable communications in poor channel
conditions which makes the system robust. On the other hand, when the channel condi-
tions are high, spectrally efficient MCSs are used to increase throughput. So, the key to
successful LA is the availability of accurate CQI at the base station which provides the
channel knowledge to choose the most efficient MCS. In contrast, systems that don’t
enable LA chooses fixed MCS to maintain a certain level of throughput when the channel
conditions are poor.
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Table 4. MCS table up to 64 QAM.

MCS Index | Modulation Order Target code Rate Spectral
x 1024 efficiency

0 2 120 0.2344
1 2 157 0.3066
2 2 193 0.3770
3 2 251 0.4902
4 2 308 0.6016
5 2 379 0.7402
6 2 449 0.8770
7 2 526 1.0273
8 2 602 1.1758
9 2 679 1.3262
10 4 340 1.3281
11 4 378 1.4766
12 4 434 1.6953
13 4 490 1.9141
14 4 553 2.1602
15 4 616 2.4063
16 4 658 2.5703
17 6 438 2.5664
18 6 466 2.7305
19 6 517 3.0293
20 6 567 3.3223
21 6 616 3.6094
22 6 666 3.9023
23 6 719 4.2129
24 6 772 4.5234
25 6 822 4.8164
26 6 873 5.1152
27 6 910 5.3320
28 6 948 5.5547
29 2 reserved
30 4 reserved
31 6 reserved

The capacity improvement offered by LA over non-adaptive systems can be remarkable
as seen in Figure 18. In this figure we present link level spectral efficiency (SE) perfor-
mance (bits/s/Hz) vs. signal to noise ratio (SNR). For simplicity only three different
MCSs are used, for example: MCS 1 (QPSK, code rate = 0.1533), MCS 10 (16 QAM,
code rate = 0.3320) and MCS 20 (64 QAM, code rate = 0.5537). The first system is non-
adaptive with MCS index 1 (red curve). In the second system, LA is enabled and it cor-
responds to the envelope of three MCS (green curve). It is clear that, each MCS is optimal
to be used in different SNR range and LA chooses the MCS with the highest spectral
efficiency in each SNR range. Spectral efficiency of two systems is equal up to SNR =2
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Figure 19. Link adaptation spectral efficiency compared to fixed MCS envelope

dB. However, in high SNR range the spectral efficiency of adaptive system is approxi-
mately 10 times higher than that of non- adaptive system. In Figure 18, fixed MCS curves
were simulated under assumptions of single layer single antenna port, LDPC channel
coding, 3GPP tdl-c-300 ns channel model, 15 kHz subcarrier separation, 50 PRB, ideal
channel estimation and user speed of 3 kmph.
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As discussed above LA exploits advantageous channel conditions to increase system
spectral efficiency and overall delivered throughput. This can be seen from Figure 19,
where the first system with LA enabled (green curve) is compared to non-adaptive system
where an envelope of 28 MCS indices (only few are plotted) of Table 4 above is presented
in blue curve. It is clear that the overall delivered throughput of the adaptive system is
higher than non-adaptive system. This is because LA system chooses the most efficient
MCS given the current channel condition based on available CQI report, i.e. the MCS
that delivers the highest throughput. This process will be discussed in details in Section
3.8.

Outer loop link adaptation

Outer loop link adaptation (OLLA) is a process that aims to correct inaccuracies of CQI
calculations so that a certain target block error rate (BLER) of the first HARQ transmis-
sion can be achieved. These inaccuracies are due to estimation errors in channel and in-
terference measurements performed by UE. Moreover, there is a delay between CQI cal-
culations and when it is available at the base station. Also, wideband CQI is reflecting the
average channel conditions across the system bandwidth which introduces errors in re-
ported CQI. OLLA is performed by the base station and different schemes are proposed
in the literature to cope with inaccuracies of CQI calculations. In [27], a scheme that
subtracts an adaptive offset (Ay.4) from the reported signal quality based on the HARQ
acknowledgments is proposed:

CQI = CQI —Apy14 [dB] (3.2)

If the transmitted block is correctly decoded, then positive acknowledgement (ACK) is
received and Ap;;4 1s decreased by Agown. If negative acknowledgement (NACK) is
received, then Ag;; 4 increased by A,,. the values of Agoyyn and Ay, is related to the
target BLER as follows:

1

+ Bup
Adown

BLERTrqget = (3.3)

It should be noted that, in this thesis OLLA is not enabled. Since the scope of this thesis
is to find the optimal interference measurement scheme that results in overall best perfor-
mance. So, correction of CQI inaccuracies is left out of the thesis scope.

3.4 Channel state information

Channel state information (CSI) provided by the UE to the base station enables downlink
LA. CSI at the base station allows to choose transmission settings based on the channel
conditions and interference levels at the UE.
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CSI reports consist of channel quality indicator (CQI), precoding matrix index (PMI),
CSI-RS resource indicator, layer indication(LI), rank indication (RI) and / or L1-RSRP.
However, in this thesis we focus on channel quality indicator as one of the CSI compo-
nents that reflects average channel conditions and interference levels at UE. CQI defines
the highest modulation order and coding rate for downlink transmission to achieve target
received block error rate (BLER) for example 10% with the recommended RI and PMI.
Rank indication (RI) gives recommendation on the number of layers to be supported on
downlink transmission to the UE. Precoder matrix indication (PMI) gives recommenda-
tion on the precoder to be used in downlink transmission. If the UE is in spatial multi-
plexing mode, then PMI and RI are reported otherwise they are not needed.

Channel and interference measurements are essential to prepare CSI reports. Channel
gains can be obtained from CSI-RS. However, accurate interference measurement is chal-
lenging. In LTE release 11, CSl-interference measurement (CSI-IM) is defined, where a
set of resource elements in one subframe are configured by the network on which the
interference can be measured by the UE. Basically, CSI-IM has the same structure as CSI-
RS with nothing transmitted in these resources by the gNB. Practically, ZP CSI-RS will
cover CSI-IM resources, where the received power from interfering gNBs in these re-
sources are used for interference plus noise measurement. It should be clear that, CSI-IM
and ZP CSI-RS has different functions where CSI-IM defines the set of resource elements
where interference level is measured, and ZP-CSI defines a set of resource elements
where PDSCH is not mapped [8]. Figure 20, shows CSI signals allocations within one
subframe. The number of REs per PRB is determined by higher layer parameters.

Freq

1 slot Resource
T /e]ement
CSI-IM <+« | -
—— A
7P CSI-RS < [ | Resource
block
/
B |
e
NZP CSI-RS <—
Sym 1 - oo Sym 14
> Time

OFDM symbols

Figure 20. CSI reference signals allocations within resource grid
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CSI reporting modes

In 5G NR UE can be configured to report CSI in aperiodic, periodic or semi-persistent
reporting modes. Aperiodic CSI reports are carried out on PUSCH upon explicit request
from the network. It has larger contents and details since it is carried out using PUSCH
that allows for larger payload. Moreover, since it is only transmitted when needed, it has
less overhead compared to periodic transmission. Periodic CSI reports are usually carried
out on PUCCH or on PUSCH if UE has a valid uplink grant. It can be configured with
different periodicities from 5 ms up to 640 ms. Periodic CSI reports has less information
compared to Aperiodic reports since it is carried out using PUCCH that allows limited
payload. Semi-persistent CSI reporting can be seen as a time windowed version of peri-
odic CSI reporting. It is activated by downlink control indicator (DCI) and reported on
PUSCH or PUCCH periodically until the semi-persistent CSI reporting is deactivated
[26].

CSlI reports can be configured with three different modes. It can be wideband reports, UE-
selected reports and higher layer configured report. In wideband reports, a single CQI is
reported that reflects the average channel condition through the entire cell bandwidth.
This mode is supported in both periodic and aperiodic CSI reports. In UE-selected reports,
the UE reports M CQIs that represent M preferred sub-bands. This mode is also supported
in both periodic and aperiodic CSI reports. Higher layer configured reports are only sup-
ported in aperiodic CSI reports where one wideband CQI and one CQI per sub-band are
reported [8]. It should be noted that in this thesis only periodic wideband reports are used
in link level simulations.

3.5 Channel estimation

As discussed in Section 2.4, 5G NR uses two different reference signals for channel esti-
mation, each of which is serving two different functions. DM-RS is used for coherent data
demodulation and it is only transmitted whenever there is data to be transmitted. On the
other hand, CSI-RS based channel estimation is used by UE to prepare CSI reports needed
for downlink LA and only transmitted on a certain periodicity configured by gNB. Next,
we discuss a common practical implementation for channel estimation based on Wiener
filtering. In this implementation two cascaded one-dimension Wiener filters are used,
where the first one is in frequency direction and the second is in time direction.

In general, channel estimation is carried out using known reference signals for both trans-
mitter and receiver. Reference signals are scheduled in the time-frequency grid with rea-
sonable density so that accurate channel estimation can be obtained. Typically, in fre-
quency direction the spacing between reference symbols should be less than channel co-
herence bandwidth. Similarly, in time direction the separation between reference symbols
should be less than channel coherence time. In practice, first channel is estimated on
these positions where reference symbols are scheduled to get raw channel estimation.
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Then there are several ways to get channel estimation between these reference symbols.
Next a very common and practical interpolation approach based on 2 x 1-D Wiener filters
are introduced.

Wiener filter concept

Wiener filter aims to minimize mean square value of estimation error, where estimation
error can be expressed as:

e=h-h (3.4)

where h is the actual channel response and h is the estimated channel response. The mean
square error is in the form:

J = E{llll*} (3.5)

wiener filter generates continues channel estimates for all subcarriers, i.e. for subcarriers
not carrying reference symbols using input raw channel estimates on the positions where
reference symbols are located. In this thesis, channel estimation is carried out using two
cascaded 1-D Wiener filters. The first filter is in frequency direction while the other is in
time direction. However, the reversed order will result in the same performance due to
filters linearity.

This implementation of 2 x 1-D Wiener filters are proposed since it has low complexity
with satisfactory performance. Basically, the first 1-D Wiener filter in frequency direction
takes raw channel estimates at REs carrying reference symbols as an input and interpo-
lates the channel estimates to all REs not carrying reference symbol in frequency direc-
tion. The second stage is performing interpolation in time direction as illustrated in Figure
21. Next 2 x 1-D Wiener filters are explained in more details.
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2 x 1-D Wiener filters

Ist filtering in frequency direction on REs
carrying reference symbols
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2nd filtering in —»

time direction on
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Figure 21. 2% [-D Wiener filter concept

For simplicity, consider one transmit and one receive antenna system. Then the received
reference symbol is in the form:

yref(f) = h(f)sref(f) + Tl(f) (3.6)

where y,..7(f) is the received reference symbol distorted by channel response h(f),
Sres (f) is the transmitted reference symbol, n(f) is AWGN component and f'is the sub-

carrier index. First the raw channel is estimated on the resource elements carrying refer-
ence symbols as follows:

YTef(f) n(f)
Sref(f) Sref(f)

hyaw(f) = =h(f)+1a (3.7)
it can be noticed that the raw channel estimate is distorted by the noise component. After
the raw channel estimates have been obtained for all reference symbols locations, the first
filtering stage in frequency direction can be applied. The output of the first 1-D Wiener
filter in frequency direction with coefficients matrix W :

B: = W;h,,, (3.8)
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the coefficients matrix W;is of the size L x N depends on the size of the filter window (L
denotes number of subcarriers and N denotes number of the pilots in the estimation win-
dow). For example, Figure 21, shows 3 reference symbols in the frequency direction per
OFDM symbol in one PRB, so the size of H,,,, is 3x1 and can be expressed as:

hy
hyqw = hZ] (3.9)
hs

if size of the filter window of the first stage is one PRB, then size of coefficients matrix
W is 12%3 and can be expressed as:

Wi1 0 Wig
: K : ] (3.10)

Wl = [
Wi21 0 Wio3

The coefficients matrix of the Wiener filter is calculated to minimize mean square error
of the estimation and it can be solved according to [29] to get:

W, =R, Rj! (3.11)

where Ry, is actual channel auto-correlation matrix and Ry, 5 is cross-correlation matrix

between raw channel estimates and actual channel response. Both matrices depend on
frequency auto-correlation function which is a Fourier transform of the power delay spec-
trum. Moreover, channel auto-correlation function is calculated using noise variance per

subcarrier. So, the output estimate h; is of 12x1 size and can be expressed as follows:

Wi1 0 Wig hy
h,=| : " : ] X |hy (3.12)
Wiz 0 Wizg3 h;

This process is performed in frequency direction on each OFDM symbol that has refer-
ence symbols. The coefficients matrix W; calculated for the filter window of one PRB
can be used to estimate the whole frequency band by sliding the filter window through
the whole frequency band. This is possible since the coefficients matrix W; is calculated
based on correlation properties of propagation channel and interference plus noise statis-
tics. It should be clear that, in this example the frequency domain filter is one PRB win-
dow size which can be increased to increase channel estimation accuracy. Increasing win-
dow size implies more reference symbols have been taken into account, however it in-
creases computational complexity. The upper bound for window size is channel coher-
ence bandwidth. Similarly, the output of the second 1-D wiener filter in time direction is:

h, =W, b, (3.13)

where h; is the channel estimate and W, is coefficients matrix of the second filter [18].
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It should be clear that in this thesis the channel estimation based on DM-RS and CSI-RS
are carried out using the same 2 x1-D Wiener filter.

3.6 Interference measurement methods

Interference measurement is an important part of UE receiver to cancel out inter-cell in-
terference by calculating interference plus noise covariance matrix. Interference cancel-
lation is essential for the receivers to work optimally specially for the cell edge users
where interference power becomes significant. Basically, for demodulation purpose in-
terference plus noise covariance matrix is calculated using DM-RS signal. Then it is used
to suppress interference in the MMSE-interference rejection combining (MMSE-IRC) re-
ceiver discussed later in Section 3.7. While for CSI reports to be prepared, interference
can be measured using NZP CSI-RS or CSI-IM signals.

Interference plus noise covariance matrix

Interference plus noise covariance matrix is necessary to build interference-aware receiv-
ers. It can be calculated using transmitted reference symbols such as DM-RS, NZP CSI-
RS signals or CSI-IM resources where empty resources that collides with the transmission
of interfering gNB are used to measure interference. Next CSI-IM and NZP CSI-RS based
interference measurements are discussed in detail:

1- CSI-IM based interference measurement

Freq. Freq.

A

»

»
.
Time Time

Serving gNB subframe Interfering gNBs subframe

Figure 22. CSI-IM REs configuration in serving and interfering gNBs

In Section 3.4, CSI-IM is defined as a set of resource elements in a subframe scheduled
by the serving gNB on which UE can measure the interference. Practically, CSI-IM re-
source elements are covered by ZP CSI-RS to indicate that no data are mapped to these
resource elements by serving gNB. Figure 22, shows scheduled subframe of serving gNB,
where two CSI-IM resources are allocated in the 4th OFDM symbol colliding with data
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resource elements in subframe of interfering gNBs. The received signal on these REs
from interfering cells is used by UE to construct interference plus noise covariance matrix
as follows. For simplicity only one interferer with one transmit antenna is considered in
these calculations. The received signal per CSI-IM resource from interfering gNB can be
defined as follows:

Yinterf(f) = Hinterf(f)xinterf(f) + n(f) (3.14)

where Hiperr(f) is the channel response of the interfering cell, Xpnerf(f) is interferer
transmitted symbol, n(f) is the noise component and f is the subcarrier index. The re-
ceived signal from interfering cell does not carry any useful data for the UE. Hence, in-
terference plus noise covariance matrix (R) per CSI-IM RE can be calculated as follows:

R= Yinterf(f) Yinterf(f)H (3.15)

where (.)¥ denotes hermitian (i.e. conjugate transpose) operator. In this thesis, UE is
configured with two receive antennas. Therefore, received signal y;pserf(f) is in the

form:

Voncers(F) = [3] (3.16)

where y; and y, are received symbols at antenna ports one and two respectively. Then R
can be expressed as follows:

R =[P }’1)’2] 1 12] (3.17)

V2yi Y2yal L0210

where 07and 0, are raw interference plus noise power estimates for the first and second

receive antennas respectively. Whereas 0, and 0, represent cross-correlation between
antennas one and two. The obtained covariance matrix represents raw interference plus
noise covariance matrix per RE of CSI-IM resources. Thus, interpolation in frequency
direction is needed to obtain estimates for REs between CSI-IM resources. Moreover,
frequency smoothing (interference averaging in frequency domain) is applied to improve
the estimation accuracy. The exact description of frequency smoothing is left out of this
thesis.

Interference plus noise covariance matrix (R) calculated above, contains interference plus
noise power estimates per receive antenna in diagonal elements. Moreover, it contains
correlation between receive antennas in off-diagonal elements. So, from now on and for
simulations convention, it will be called CSI-IM full covariance matrix. If interference is

assumed to be fully uncorrelated between receive antennas, then 0, and 0,4 are set to

zero. In this case, R will be called CSI-IM diagonal matrix and can be expressed as fol-
lows:
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_[or O
R—[O o (3.18)

Finally, if interference is assumed to be both spatially and spectrally white and uncorre-
lated between receive antennas, R can be averaged over receive antennas and through all
subcarriers. In this case, interference plus noise power can be expressed as single scalar
value called CSI-IM-I,N, [16]. The performance of above mentioned assumptions about
interference nature will be evaluated in Section 4.2.

2- NZP CSI-RS based interference measurement
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Figure 23. NZP CSI-RS configuration in serving and interfering gNBs

Interference measurement can also be performed using the transmitted NZP CSI-RS. Ba-
sically, NZP CSI-RS is scheduled so that UE can estimate channel response to prepare
CSI reports. However, it can be used to get interference measurement by subtracting the
product of estimated channel and transmitted reference symbols that is NZP CSI-RS from
the received reference symbols, this approach can be called: residual interference meas-
urement. The term residual stems from the fact that interference measurement is obtained
after subtracting the desired signal from the overall received signal. Figure 23, shows
scheduled subframe of serving gNB where two NZP CSI-RS resources are allocated on
the 4" OFDM symbol colliding with NZP CSI-RS resource elements of subframes of
interfering gNBs. The received reference symbol per subcarrier can be represented as:

Yref(f) = H(f)sref(f) + n(f) (3.19)

where H(f) is channel response, s, (f) transmitted reference symbol and n(f) is inter-

ference plus noise component and can be calculated as Follows:

n(f) = Yref(f) - Hest(f)sref(f) (3.20)
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where H (f) is estimated channel using NZP CSI-RS. Interference plus noise covari-
ance matrix can be calculated per RE as follows:

R, = n(f) n(f)" (3.21)

The obtained covariance matrix represents raw interference plus noise covariance matrix
of the scheduled NZP CSI-RS resources. Thus, interpolation in frequency direction is
needed to obtain estimates for REs between NZP CSI-RS resources. Moreover, frequency
smoothing (interference averaging in frequency domain) is applied to improve the esti-
mation accuracy. It should be noted that, for both CSI-IM and NZP CSI-RS measurements
after covariance matrix is calculated for scheduled REs, then frequency interpolation to
get the covariance matrix for the REs between the scheduled one. The last step is to get
the measurements for the rest of OFDM symbols in the subframe. This is done by copying
the obtained covariance matrix to the rest of REs.

3.7 User equipment receiver
MMSE-IRC

As discussed in Section 3.6, interference measurement is necessary for the receiver to
work optimally in scenarios where interference from neighboring cells becomes signifi-
cant, for example on the cell edge. In MMSE receiver, the weighting matrix W is obtained
by minimizing the cost function of the mean square error between weighted received and
transmitted signal [20]:

Wuyusg = arg miny E{”WHY —x||%} (3.22)

where (.)" denotes hermitian (i.e. conjugate transpose) operator. Whereas y=H x + r is
the received signal vector, x the transmitted signal vector, r interference plus noise com-
ponent and H is the channel response matrix. Equation (3.22) can be solved to get Wiener-
Hopf equation [30]:

— R-1
WMMSE - Ryy Ryx (323)
where R,,,, is received signal auto-correlation matrix, R, is cross-correlation matrix of

the received and transmitted signals and can be expressed as follows:
R,, = E{yy"} =HH" +R (3.24)
R,, = E{yx"}=H (3.25)

where R is interference plus noise covariance matrix explained in Section 3.6. So, equa-
tion (3.23) can be written as:

WMMSE = (HHH + R)_IH (326)
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Then the detected symbol is in the form:

XMMSE = WMMSEHY (3.27)

It should be noted that the MMSE-IRC receiver ability to suppress inter-cell interference
depends on the accuracy of interference measurement. The accuracy of interference meas-
urements depends on interference estimation algorithm, the reference symbol used, num-
ber of reference symbols used and the availability of the channel knowledge of interfering
cells. The more accurate the interference can be estimated, the more interference can be
suppressed. Therefore, the better detection capability of the receiver.

3.8 Channel quality indicator

As mentioned earlier, LA performance is greatly affected by the quality of CQI reports.
CQI provides recommendations about the next transmission modulation scheme and code
rate so that a certain target BLER is achieved. The ideal CQI report is to send absolute
SINR on a PRB basis. This approach provides very accurate information to LA, but it is
not practical as it implies a very high uplink overhead. Different schemes are proposed to
reduce the overhead for CQI reports, see e.g. [28]. In Release 15, 3GPP has standardized
two CQI tables with 15 indices each. This allows to report CQI using 4 bits in the uplink
transmission. The first table supports up to 64 QAM and the second table supports up to
256 QAM [26]. Table 5, shows the first table with CQI index and SINR switching thresh-
old with 10% target BLER for the corresponding MCS.
Table 5. CQl indices up to 64QAM

CQI Modulation Code Rate SINR threshold

Index order x 1024 (dB)
0 No transmission
1 QPSK 78 -9.478
2 QPSK 120 -6.658
3 QPSK 193 -4.098
4 QPSK 308 -1.798
5 QPSK 449 0.399
6 QPSK 602 2.424
7 16QAM 378 4.489
8 16QAM 490 6.367
9 16QAM 616 8.456
10 64QAM 466 10.266
11 64QAM 567 12.218
12 64QAM 666 14.122
13 64QAM 772 15.849
14 64QAM 873 17.786
15 64QAM 948 19.809
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CQI calculations

In general, down link channel quality is measured by post detection SINR at the UE. Next
CQI calculation scheme used in this thesis is explained. It should be noted that there are
different schemes proposed for CQI calculations as it is not part of 3GPP standard. In this
thesis CQI is calculated as follows: Firstly, channel condition is measured using the
scheduled NZP CSI-RS signal or by ideal channel estimation. Then interference plus
noise is estimated using the scheduled CSI-IM or NZP CSI-RS signals. Channel and in-
terference measurements are explained in sections 3.5 and 3.6 respectively. The post de-
tection SINR per RE of the received signal is calculated using MMSE-IRC receiver.
MMSE-IRC receiver uses calculated channel and interference measurements for the de-
tection purpose. As mentioned above, it is not practical to report the post detection SINR
per RE as it implies a lot of signaling overhead. So, to perform the feedback an average
value represents link quality is calculated. In this thesis, mean mutual information per bit
(MMIB) is used as link quality metric. Post detection SINRs are mapped to MIBs values
using pre-calculated and stored lookup tables. Then MMIB is obtained by getting the
average MIB value of the total number of REs. The obtained MMIB is used to get the
MCS that delivers the highest throughput (TP) by looping through 28 MCS indices table.

For example, starting from the first index in Table 4, number of transmitted bits is calcu-
lated then code block size (CBS) is calculated as a function of modulation order and code
rate (CR). Then using BLER prediction (estimation) algorithm defined in [22], BLER is
estimated for this transmission parameters CBS, CR and MMIB as inputs. Estimated
BLER is used to calculate TP. This TP is stored and then compared to the obtained TP of
the next MCS index until the highest possible TP and corresponding MCS is found. Then
the obtained MCS is mapped to the closest CQI index. Finally, BLER is estimated for the
selected CQI to ensure that the target BLER 1is achieved. If the estimated BLER is larger
than the target BLER, the selected CQI index is reduced by one.
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3.9 Channel and interference measurement configurations

Serving gNB Interf. gNB1 Interf. gNB2

NZP CSI-RS ZP CSI-RS ZP CSI-RS CFG1
ZP CSI-RS PDSCH PDSCH CFG2

NZP CSI-RS NZP CSI-RS NZP CSI-RS CFG3

Figure 24. Channel and interference measurement configurations.

In this section, three different configurations are provided that will be used in the simu-
lations carried out to conduct this study. CSI-IM based interference measurement method
will be performed using the first and second configurations denoted as CFG1 and CFG2
in Figure 24. The first configuration is intended for channel measurement used for CQI
calculations. In this configuration NZP CSI-RS is scheduled in the subframe of the serv-
ing gNB and it is colliding with ZP CSI-RS of interfering gNBs. This configuration al-
lows the UE to get clean channel estimation. The term clean refers to the fact that the
NZP CSI-RS resources of serving gNB are not interfered by another gNBs transmission
as they are colliding with ZP CSI-RS resources. Recall that ZP CSI-RS signals refers to
the set of REs where no data channel is scheduled. The second configuration allows UE
to measure interference from another gNBs. The subframe of the serving cell is scheduled
by CSI-IM resources and ZP CSI-RS is scheduled on the same resources, so no data is
scheduled on these resources. CSI-IM resources are colliding with data channel (PDSCH)
resources of interfering gNBs and interference can be measured. NZP CSI-RS based in-
terference measurement will be performed using the third configuration denoted as CFG3
in Figure 24. In the third configuration, NZP CSI-RS scheduled in the subframe of the
serving gNB is colliding with NZP CSI-RS of interfering gNBs [19]. This configuration
allows UE to get both channel and interference measurements required for CQI calcula-
tions is explained in Section 3.6.
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4. RESULTS AND ANALYSIS

In this chapter, Link level simulation results to evaluate the performance of proposed
interference measurement methods are introduced. General settings and simulation as-
sumptions are introduced in Section 4.1. In Sections 4.2 and 4.3 link level simulations
and results in terms of downlink data channel (PDSCH) throughput against SINR is in-
troduced. These results evaluate the performance of two RS-based interference measure-
ment methods using different channel models and UE speeds. Moreover, different REs
density per PRB, CSI periodicities and frequency granularities are studied. In Section 4.4,
comparison between previously studied RS-based interference measurement are studied.
Finally, in Section 4.5, overall system overhead is studied.

4.1 Simulation assumptions

In this section, link level simulation assumptions are introduced. The performance of dif-
ferent interference measurement methods is studied. The performance metric is the down-
link data channel throughput (TP). Basically, PDSCH TP which is the number of success-
ful received data bits per second as a function of SINR. The number of transmitted bits
in one subframe depends on the modulation order, code rate of transmitted bits and the
number of resource blocks in the downlink transmission assigned to UE. Moreover, in
NR different subcarrier spacings implies different number of slots within subframe. So,
for higher subcarrier spacings there are more slots in the subframe which means higher
number of transmitted bits. The general simulation assumptions and parameters are con-
figured as follows:

- One serving cell carrying out downlink data transmission to a single UE.

- Two interfering cells with one dominant interferer and one weaker interferer fol-
lowing INR3 profile [23].

- All gNBs are transmitting PDSCH on the whole bandwidth and no empty re-
sources.

- Only PDSCH is scheduled i.e. no control channel or broadcast channel is sched-
uled.

- Ideal channel estimation is performed for demodulation purpose and CQI calcu-
lations.

- Minimum mean square error with interference cancellation (MMSE-IRC) is used
for equalization.

- Serving cell has adaptive modulation and coding (AMC) scheme enabled, follow-
ing reported CQI from UE. Interfering cells are having MCS of index 5 (QPSk).

- Propagation channel models are based on 3GPP channel models tdl-a-30ns and
tdl-c-300ns.

- UE speeds are 3 or 30 kmph.
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- All gNBs have two transmit antennas and the UE has two receive antennas.
- The number of assigned PRB is 100 corresponds to 20 MHz system bandwidth
with subcarrier spacing being used is 15 kHz.

Table 6. provides simulation parameters of the simulated curves.
Simulation reference curve

Reference curve is configured as the most optimal configuration, yet not a practical one.
This configuration is optimal in a sense that, same interference plus noise covariance ma-
trix is used for interference cancellation for demodulation process and in CQI calcula-
tions. This covariance matrix is calculated based on DM-RS signals. The reason behind
this is to match the reported CQI and receiver demodulation capabilities, since both pro-
cesses are using the same covariance matrix. Moreover, in reference curve CSI is reported
every subframe and available immediately in gNB without delay. On the other hand, ref-
erence curve is not practical, since DM-RS is only transmitted whenever there is data
scheduled for transmission. Furthermore, it is transmitted in the same data bandwidth, so
it can’t support wideband CSI reports since the data transmission has variable bandwidth
depending on the amount of data to be transmitted. Also, DMRS is transmitted from the
same antenna ports as data channel (PDSCH), but CSI-RS can be transmitted from all
antenna ports, regardless of PDSCH antenna ports.

Practical curves use CSI-IM or NZP CSI-RS based interference measurement in CQI cal-
culation. This will result in reported CQI higher or lower than demodulation capability at
the receiver. Moreover, there is a delay of one subframe between when CQI is calculated
and reported back to gNB. In practical curves CSI reports are transmitted at predefined
periodicities of 5, 10, 20 or 40 ms.
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Table 6. Simulations assumptions

Parameter Reference curve Practical curve
Carrier frequency 4 GHz 4 GHz

Bandwidth 20 MHz (100 PRBs) 20 MHz (100 PRBs)
Transmission method single-layer-two-antenna- | single-layer-two-an-

port tenna-port

Antenna configuration gNB: 2, UE: 2 gNB: 2, UE: 2
Subcarrier spacing 15 kHz 15 kHz

Channel model

tdl-a-30ns/tdl-c-300ns

tdl-a-30ns/tdl-c-300ns

UE speed

3, 30 kmph

3, 30 kmph

Channel coding

LDPC

LDPC

Channel estimation

Ideal channel estimation

Ideal channel estimation

Receiver algorithm MMSE-IRC MMSE-IRC

Number of interfering gNBs | 2 2

DIP profile for INR3 [-0.524416 -11.09441] dB
CSI reports

Delay in SF 0 1

Periodicity in SF 1 5/10/20/40 ms

Channel estimation

Ideal channel estimation

Ideal channel estimation

Interference measurement

Based on DM-RS

Based on CSI-IM and
NZP CSI-RS

It should be noted that in order to evaluate interference measurement quality and accuracy

in the next Sections 4.2 and 4.3, ideal channel measurement is used to prepare CQI re-

ports. In other words, the accuracy of calculated CQI will depend only on the quality of

interference measurement.
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4.2 CSI-IM based interference measurement

In this section, link level simulations are carried out to evaluate the performance of CSI-
IM based interference measurement. Basically, the same subframe configuration defined
in Figure 22, is used in this simulation. Where two CSI-IM REs per PRB are scheduled
in the subframe of the serving cell. These REs are colliding with data channel of interfer-
ing cells. In this section, the concept of interference averaging is introduced as a technique
used to increase the accuracy of the measurements. Different factors that affects the per-
formance are investigated such as, assumptions about interference nature, reference sym-
bols periodicity, number of REs per PRB and frequency domain granularity.

Interference averaging

In Section 3.3, inaccuracies of CQI calculations are discussed and OLLA is proposed to
correct for these inaccuracies at the base station. Interference averaging is another tech-
nique that aims to mitigate measurement errors at the UE before CQI is calculated. There
are different ways to perform interference averaging, but in this thesis a scheme provided
in [31] is adopted. In this scheme, the current measurement (I.yr-ent) 1S related to the
previous measurement (I,,.¢,,) by forgetting factor a as follows:

I=a Iprev + (1 - CZ) Icurrent (4-1)

where forgetting factor « is configurable parameter to be determined for each system. It
should be noted that no interference averaging is performed if forgetting factor equals to
zero. Figure 25, shows that proper choice of forgetting factor a will bring performance
gain to LA process and improves the overall TP for the cell edge user.
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Figure 25. Forgetting Factor (a) choice
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In Figure 25, the performance of CSI-IM based interference measurement with different
a values are shown. The goal is to determine the value that results in the best overall
performance under the given channel model, interference profiles and UE speed (30
kmph). It shows that a equal to 0.3 that is 30% of the previous measurement (red curve)
results in the highest performance among the other @ values. Hence, a equal to 0.3 will
be used from now on as interference averaging parameter for CSI-IM based interference
measurement.

Assumptions about interference nature

In Section 3.6, it has been explained that interference plus noise covariance matrix R can
be used in CQI calculations with three different assumptions about interference nature. If
spectral, spatial characteristics of interference and correlation between receive antennas
to be considered in the calculations, then full covariance matrix is used. Moreover, if
correlation between receive antennas is not considered then off-diagonal elements are set
to zero and diagonal matrix is used. Finally, if interference is assumed to be both spec-
trally and spatially white and fully uncorrelated between receive antennas then a single
scalar value I,N, is used.

In Figure 26a, INR3 profile is used, that maps to DIP profile of [-0.524416 -11.09441]
dB explained in Section 3.1. It shows that full covariance matrix has the best performance
among the other interference assumptions. This is because full covariance matrix reflects
complete interference characteristics. Diagonal matrix shows slightly better performance
than “IoNoes” over the whole SINR regime as it contains antenna port specific interfer-
ence plus noise power. While I,N, curve represents the average interference plus noise
power across receive antennas and subcarriers. This implies losing a lot of information
about interference nature, that leads to the lowest performance compared to other inter-
ference assumptions. So, from now on full covariance matrix will be used in the simula-
tions. It should be noted that under strong interference scenarios full covariance matrix is
the best choice to be used in CQI calculations. While in weak interference scenarios the
three different assumptions will result in the same performance. In Figure 26b, a weak
interference scenario is assumed with DIP profile of [-7 -10] dB. It shows that under the
given weak interference profile three different interference assumption will result in the
same performance. This is because interference powers are very weak that it is compara-
ble to noise levels. So, single scalar value can be used to represent interference plus noise
power without causing performance drop.
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CSI-IM Signal periodicity
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Figure 27. Performance of different CSI-IM signal periodicities with two UE
speeds= 3,30 kmph.

As mentioned earlier in Section 3.4, CSI-IM resources can be scheduled with different
periodicities. It can be scheduled twice every frame up to every 64 frames, i.e. 5 ms and
640 ms respectively. Figure 27, compares between four different periodicities 5, 10, 20
and 40 ms in two different user mobility cases where UE speeds are 3 and 30 kmph.
Channel variations in time domain due to user mobility strongly affects LA performance.
Coherence time (T) defines the time duration over which the channel time correlation is
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9

more than 50% and it can be calculated using the following approximation: T, = Tonra’
d

fa 1s the maximum doppler spread f; = fc% , Where f_ is carrier frequency which is

4 GHz in this evaluation, v is UE speed and ¢ is speed of light.

As can be seen from Figure 27 a, where UE speed is 3 kmph coherence time is equal to
16.1 ms, therefore first two periodicities 5 and 10 ms will be reporting in a time window
less than coherence time so the reported CQI is following channel variations. Moreover,
interference powers are also varying with the channel variations of interfering cells. So,
reporting periodicities less than T, will get more accurate interference measurements.
Figure 27 a, shows that 5 ms periodicity has slightly higher throughput in the operating
SINR range than 10 ms. At 70% of maximum throughput 5 ms periodicity curve has 0.71
dB gain over 10 ms periodicity curve. In case of 20 and 40 ms periodicities reported CQI
will be outdated as the channel coherence time is less than CSI periodicity, resulting in
an observable performance degradation compared to 5 ms case. At 70 % of maximum TP
5 ms curve 3.75 dB gain over 40 ms curve. This is because the channel response of inter-
fering cells has been changed resulting different interference levels at the UE.

In Figure 27 b, UE speed is 30 kmph resulting in 1.6 ms coherence time so all curves are
using out dated CQI resulting in overall same performance. In this case using higher pe-
riodicity to lower down reference signals overhead is recommended.
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Figure 28. Number of CSI-IM REs/PRB

CSI-IM density refers to the number of CSI-IM REs allocation per physical resource
block (RE/PRB). Figure 28, compares between different CSI-IM densities. The overall



48

performance shows that scheduling more resource elements in PRB to measure the inter-
ference of interfering cells do not improve the performance. In contrast, it contributes to
the system overhead. The fact that introducing more REs to measure interference has no
gain in system performance is because the frequency separation between CSI-IM REs is
less than channel coherence bandwidth. So, frequency characteristics of the interference
are captured.

CSI-IM frequency domain granularity
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Figure 29. Interference measurement performance with different CSI-IM frequency
domain granularity

Frequency domain granularity refers to the rate at which CSI-IM resources are allocated
in frequency domain per PRB basis, for example if frequency granularity (FG) is one, this
means CSI-IM resources are allocated in every PRB within the system bandwidth and if
FG is 0.5 this means CSI-IM is allocated every two PRB in frequency domain, and so on.
According to 3GPP standard CSI-IM REs are scheduled in every PRB in frequency do-
main [10]. Figure 29, compares between three different frequency granularities 1, 0.5 and
0.2. It shows that scheduling CSI-IM resources every two PRB (FG = 0.5) will maintain
the same performance of FG = 1. In this case, less system overhead compared to sched-
uling CSI-IM every PRB is the gain. However, reducing it to every five PRB (FG = 0.2)
will result in observable performance drop. This configuration will result in less accurate
interference measurement, since channel variations of interfering cells are not captured
by CSI-IM resources.
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4.3 NZP CSI-RS based interference measurement

In Section 3.6, NZP CSI-RS based interference measurement is explained in details.
Where NZP CSI-RS resources are first used to get channel measurement to prepare CSI
reports. Then it can be used to perform interference measurement at UE. This can be done
by subtracting the estimated channel multiplied by transmitted reference symbols (i.e.
NZP CSI-RS) from the received reference symbols. However, it should be clear that in
this section ideal channel measurement is used to calculate CQI, so only interference
measurement can be evaluated. Simulation assumptions used to carry out NZP CSI-RS
simulations follows the same general assumptions introduced in Section 4.1.

Interference assumptions
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Figure 30. Performance comparison between full interference plus noise covari-
ance matrix and single scalar value of interference power IoNo

Figure 30, shows that there is significant performance drop when using single scalar value
(loNo) to represent interference plus noise power compared to full covariance matrix
representation. This is because full covariance matrix contains the complete
characteristics of the interference. Both spectral and sptail charactersistics are included,
in addtion to correlation between receive antennas. While /,N, is calculated assuming that
interference is both spectrally and spatially white and the receive antennas are full uncor-
related. So, a lot of interference information is lost by averaging to get the single scalar
value. So, from now on full covariance matrix is used in the simulations.
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User mobility
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Figure 31. Effect of UE speed on interference measurement

User mobility defines the speed of UE, which is directly related to time nature character-
istics of radio channel. Users with high mobility will experience fast changing channel
conditions. In this simulation setup, two NZP CSI-RS REs are allocated in the 4th OFDM
symbol. So, in case of time varying channel conditions one OFDM symbol allocation per
subframe maybe not enough to track channel variations of interfering cells. This will af-
fect the accuracy of interference measurement since the interfering signal powers are
changing with the channel variations of interfering cells. In other words, if the channel
conditions of interfering cells are good, so the received interference power will be high
and vice versa. Figure 31, shows the effect of user mobility on the delivered TP to UE,
where two user speeds are evaluated: 3 and 30 kmph. It can be seen that user with 30
kmph has lower TP compared to 3 kmph user over SINR regime. This can be explained
since the current configuration is not able to follow the time variations on interference
powers due to fast varying channel conditions of interfering cells. In this case, scheduling
NZP CSI-RS REs in more than one OFDM symbol could improve interference measure-
ment. Scheduling more REs in time domain with separation less than T, could improve
interference measurement by following the time variations of received interferer signal.
However, as a downside increasing the number of NZP CSI-RS REs would increase the
system overhead.
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Periodicity

Similar to CSI-IM configurations, NZP CSI-RS can be scheduled with different
periodicities ranging from 5 up to 640 ms. In Figure 32, UE speed equals 3 kmph that
coressponds to T, of 16.1 ms as calculated earlier in this chapter. It compares between 4
different periodicities 5, 10, 20 and 40 ms. It is clear that, curves with 5 and 10 ms
periodicities are operating within T, window resulting in nearly the same performance
so, a 10 ms periodicity can be used under the given assumptions to reduce system
overhead. On the other hand, 20 and 40 ms curves starts to use an outdated measurement
in the time window higher than T, untill the new measurement takes place. This will
result in outdated CQI in gNB which in turn affects system performance.
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Figure 32. Performance of different NZP CSI-RS signal periodicities with UE
speed = 3 kmph
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Figure 33. Performance of different NZP CSI-RS signal periodicities with UE
speed = 30 kmph

In Figure 33, the UE speed is 30 kmph that coressponds to T, equals 1.6 ms. So, all
intereference measurements are not following the time varation of interfering signal
resulting in overall same perfromance.

NZP CSI-RS frequency domain granularity

NZP CSI-RS is scheduled every PRB in frequency domain following 3GPP standard for
NR. To study the posibility of reducing system overhead by using lower FG, Figure 34
shows a significant performance drop when scheduling NZP CSI-RS resources every two
and five PRB (blue and green curves respectively). This indicates that interference power
variations due to changing channel conditions in frequency domain of interfering cells
are not well captured. This will reduce the accuracy of interference measurement.
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Figure 34. NZP CSI-RS frequency domain granularity
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NZP CSI-RS density

Similar to CSI-IM, NZP CSI-RS density refers to the number of REs scheduled per PRB
(RE/PRB). Figure 35, compares between 2,4 and 6 RE/PRB. It shows that in a frequency
non-selective channel model 3GPP tdl-a-30ns, three different densities have the same
performance. This is due to the frequency separation between NZP CSI-RS resources is
less than channel coherence bandwidth of interfering cells. So, interference powers can
be measured accurately with 2 REs/PRB. On the other hand, in a frequency selective
channel model 3GPP tdl-c-300ns, increasing number of scheduled RE/PRB improves the
overal performance, but it is clear that up to 6 REs/PRB are not enough to get similar
performance compared to non-selective channel case.
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Channel selectivity
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Figure 36. Channel selectivity effect on Interference measurement

Figures 34 and 35, have shown that NZP CSI-RS based interference measurement is very
sensitive to channel varations of interfering cells. Figure 36 compares the performance
under two different channel models. It shows that with frequency selective channel model
(red curve) that is 3GPP tdl-c-300ns, the current NZP CSI-RS configuration with 2
REs/PRB are not enough to obtain accurate interference measurement. This results in a
very poor throughput performance compared to the case of non- selective channel model.
Hence, to improve the performance more REs/PRB need to be scheduled to follow the
interference power variations due to channel selectivity of interfering cells .
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4.4 Interference measurement methods comparison

In previous sections the performance of CSI-IM and NZP CSI-RS interference
measurement methods were studied. Next performance evaluation comparison between
these two methods are introduced with the same simulation assumptions defined in
Section 4.1.
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Figure 37. RS interference measurement comparison with channel model:
3gpp tdl-a-30ns, tdl-c-300ns and UE speed= 30 kmph.
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Figure 37, shows that CSI-IM based interference measurement has an overall higher
performance compared to NZP CSI-RS. It also shows that CSI-IM measurements
outperform NZP CSI-RS based one, in two different channel conditions i.e. in frequency
selective and non selective channels. This is because CSI-IM interference measurement
method is measuring inteference directely on CSI-IM REs resulting in more accurate
measurement compared to the residual method used in NZP CSI-RS based interfernce
measurement.

4.5 System overhead study

In this section, system overhead is studied, where two channel models are assumed: 3GPP
tdl-a-30ns and 3GPP tdl-c-300ns with UE speed of 3 kmph. Interference measurement is
carried out using CSI-IM and NZP CSI-RS with configurations explained in Section 3.9.
Two different systems are assumed and link level simulations are carried out to study
system overhead. The first system is based on CSI-IM based interference measurement
method, where NZP CSI-RS and CSI-IM REs are both used to get channel and interfer-
ence measurements respectively. Serving cell is configured with 2 REs of NZP CSI-RS
colliding with 4 REs of ZP CSI-RS of interfering cells (2 REs each) to get clean channel
measurement. Interfering cells have also the same configuration for channel measurement
purpose (CFG1).

Freq.

A m CSI-IM
B NZP CSI-RS
0 ZP CSI-RS
m DM-RS
m Data

Timek
Serving gNB Interf. gNB1 Interf. gNB2
subframe subframe subframe

Figure 38. First system (CFGI1+CFG2)
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Figure 39. Second system (CFG3)

Interference measurement is carried out using 2 REs of CSI-IM signal colliding with data
REs in interfering cells (CFG2). Figure 38, shows reference signals allocation in the sub-
frame of serving and interfering cells. The total overhead for the first system is 4.76 %
per PRB (8 REs/PRB). The second system is based on NZP CSI-RS interference meas-
urement method where it uses only NZP CSI-RS to get both channel and interference
measurements (CFG3). These REs are colliding with NZP CSI-RS resources of interfer-
ing cells. In this system, 2,4 and 6 NZP CSI-RS REs are evaluated resulting in system
overhead of 1.19%, 2.38% and 3.57% respectively. Figure 39, shows NZP CSI-RS allo-
cation within subframe of serving and interfering cells.
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Figure 40. System overhead analysis in frequency non-selective channel
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Figure 41. System overhead analysis in frequency selective channel

Figure 40, shows that in a frequency non-selective channel model that is 3GPP tdl-a-30ns,
the first system has an overall better performance compared to the second system as ex-
plained in the previous section. However, it has higher system overhead of 4.76% com-
pared to 1.19% system overhead in second system configured with of two NZP CSI-RS
REs/PRB. On the other hand, figure 41 shows that in a frequency selective channel that
is 3GPP tdl-c-300ns, the first system has an observable higher performance comapred to
the second system. This comes with the price of higher system overhead. So, in general
there is a trade-off between system performance and system overhead.
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5. CONCLUSION

Interference measurement is an essential part of UE receiver and strongly affects the sys-
tem performance. It is used in interference cancellation in data demodulation and to cal-
culate CQI as a part of CSI reports. In this thesis, two RS-based interference measurement
methods are evaluated through extensive link level simulations. CSI-IM and NZP CSI-
RS are the reference signals studied. Measurements are carried out by UE on the cell edge
with two interfering cells. Two different channel and interference measurement configu-
rations are evaluated to study overall system overhead. Next, final remarks and observa-
tions drawn from results in Chapter 4 are introduced.

5.1 Observations and final remarks

In this thesis, the performance of CSI-IM and NZP CSI-RS based interference measure-
ment methods is studied. The following findings are obtained:

CSI-IM based interference measurement method results shows that: in strong interference
scenarios, full interference plus noise covariance matrix is the best mathematical repre-
sentation to accurately capture interference characteristics in frequency and spatial do-
mains. CSI-IM signal periodicity can be increased as long as it is reported within channel
coherence time (7¢). This can be used to reduce system overhead. In higher mobility cases
where 7. becomes smaller, CSI reports periodicities higher than 7. will have the same
performance since outdated reports are used in gNB. Moreover, increasing number of
CSI-IM REs per PRB will not improve interference measurement quality, since the fre-
quency separation between CSI-IM RE:s is less than channel coherence bandwidth. This
means that the measured interference is following the channel variations of interfering
cells. Finally, CSI-IM frequency domain granularity (FG) can be reduced to every second
PRB. However further reduction in FG will result in observable performance drop.

NZP CSI-RS based interference measurement method results shows that: in a time selec-
tive channel conditions, allocating NZP CSI-RS REs in one OFDM symbol is not enough
to get accurate interference measurement due to fast varying channel conditions of inter-
fering cells. This will result in observable performance drop. Scheduling CSI reports with
periodicities higher than 7, will result in outdated CQI in gNB. NZP CSI-RS based in-
terference measurement has shown to be very sensitive to channel selectivity of interfer-
ing cells. Reducing FG of NZP CSI-RS signals will result in inaccurate interference meas-
urement. Moreover, in frequency non-selective channel, 2 REs per PRB are enough to get
accurate interference measurement. However, in frequency selective channel more REs
are needed per PRB to capture channel conditions in frequency domain.
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Comparison between the two RS-based interference measurement methods shows that,
CSI-IM based method outperforms NZP CSI-RS based one, which answers one of the
main questions of this thesis. System overhead study shows that the first system with CSI-
IM signal used to get interference measurements results in observable better performance
compared to the second system. This comes with the price of higher system overhead. In
general, there is a trade-off between system performance and system overhead.

To summarize, two RS-based interference measurement methods are studied, and CSI-
IM has proven to be more efficient and operates well in different channel scenarios and
different UE speed, while NZP CS-RS shows sensitivity in case of frequency selective
channel and higher user mobility cases. From overall system overhead perspective, CSI-
IM based method is the best solution.
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