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ABSTRACT
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ISBN 978-951-39-5476-5 (nid.)
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Finnish summary

Diss.

This thesis presents one of the multipoint transmission schemes for HSDPA, a
scheme referred to as HS-SEN. This scheme can increase the peak data rate for the
UEs in the softer handover area, or UEs that are located in the border between two
cells belonging to the same Node B. The study also considers the techniques that
can increase the performance of HS-SEN, such as the enhanced type3 receiver,
phase adjustment and common intra-site scheduler. The HS-SFN study is carried
by means of extensive system-level simulations employing a semi-static network
simulation tool for HSDPA. The simulation tool includes detailed modeling of
propagation model, radio resource management algorithms, physical layer and a
part of the upper layers of HSDPA radio access network.

Keywords: Multipoint transmission , HS-SFN, Multiflow, Type3 receiver, phase
adjustment, HSDPA, system performance, simulations
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1 INTRODUCTION

The development of wireless communication systems has been traditionally asso-
ciated with improving the peak rate of individual users and increasing the overall
system throughput. At the same time, it has become more and more evident that
the cell edge performance is equally important. Quite a number of mobile users
actually may stay at the cell edge area for fairly long periods of time generating
or downloading significant amounts of data. The most typical example of such a
scenario is mobile subscription used with a wireless modem in an office or home
environment. Users at the cell borders are usually subject to low signal level due
to strong path loss caused by the long distance to Node B or because their location
is not in the cell’s antenna beam direction. They also suffer from high interference
from other sites in the network, resulting in aggregate signal energy reduction of
up to dozens of decibels. As the center cell terminals enjoy good signal quality,
the overall fairness of the network in uneven channel conditions declines. Failing
to deploy techniques to help mobile users at the cell edge may lead to unfairness
and/or inability to ensure the minimum QoS requirements as mandated by the
subscription type.

1.1 Multipoint Transmission Schemes and related research work

The idea of solving the cell edge problem by coordinating transmission from sev-
eral Node Bs is not novel for LTE-Advance technology, however for the HSPA this
idea is quite new. The research on CoMP, as this multipoint transmission tech-
nique is referred to, was initiated under the LTE-Advance technology in March
2008 at the level of a study item (SI). In March 2010, the technology was speci-
fied in E-UTRA [3GPo], but after that the research was suspended until Decem-
ber 2010. Starting from 2011 many studies were published on CoMP in LTE-A,
including [SKM*10], [XMX10] and [BZGA10]. Finally, LTE COMP was standard-
ized in Rel-11 [3GPp].

Similar multipoint transmission techniques have been researched under
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HSPA technology from December 2010, because enhancements for WCDMA based
HSDPA are especially of interest for operators as the next generation mobile net-
works, such as LTE, are just starting to be rolled out, whereas HSPA is largest
wireless mobile ecosystem that will remain the largest one for many years. The
main concept of the multipoint transmission schemes for HSDPA, as the name
tells, is to coordinate transmission of data from two or several cells to one UE
simultaneously. Research on multipoint transmission schemes for HSDPA was
started under the 3GPP in December 2010, as an official SI was initiated in Jan-
uary 2011 [3GPj], and in March 2011 two main schemes were proposed for further
investigation: HS-SFN, the main topic of this thesis, and Multiflow. In the latter,
data is also transmitted from two cells; however, the downlink transport block
contains different data and can be transmitted independently. One additional
scheme, HS-DDTX, is also explained in the following subsection.

1.1.1 High-Speed Data Discontinuous Transmission

High-speed data discontinuous transmission is one of the possible multipoint
transmission schemes. The main idea behind this scheme is to remove the sec-
ond best interferer by stopping the transmission from it. The simple theoretical
equation for HS-DDTX transmission may be expressed as :

0.7 Pywn

C/I =
YN P — Poun — 0.7Pyg

)

where i is cell number and N is the total number of cells. In this equation the
power for control and pilot channels is assumed to be 30% while 70% is left for
the data channel. This scheme was investigated in parallel with HS-SEN, but the
gains from it was much lower compare to HS-SFN, because HS-SFN, in addition
to the removal of interference for the own cell, can also bring gains from signals
combining. The removal of interference for other cells, that happens only in HS-
DDTX, has marginal effect on the results.

1.1.2 Multiflow

Multiflow is another of the possible multipoint transmission schemes. Multiflow
can help cell edge UEs as they are able to receive data from two transmitting
cells, located either in the same or different sites. In addition to almost doubled
the peak data rate, Multiflow can increases the fairness by two ways. Firstly,
low and medium throughput UEs at cell edge areas are able to receive data from
two transmitting cells, located either on the same site or on different sites. In
theory, these UEs may even double their throughput if the channel conditions to
both cells are in balance. Secondly, load balancing between the cells is achieved,
improving the cell edge UE’s throughput and the utilization rate of the whole
network.

As data blocks can be transmitted from two cells to a single user concur-
rently, the coexistent transmissions may highly interfere with each other if they
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are scrambled with different codes. In order to mitigate this issue, the UE can
use a type3i receiver with antenna diversity (and different RF receiver chains),
which provides interference cancellation with a sub-chip level equalizer. This
type of receiver is capable of calculating channel impulse response matrices from
nearby interfering cells, thus minimizing the negative effect to aggregate Signal-
to-Interference-plus-Noise ratio (SINR). [NKV07]

Gain mechanisms

The gain mechanism for UEs in the network with enabled Multiflow is two-
fold. First, utilization of the second data stream increases per-UE data rates. The
amount of extra throughput depends on the received signal strength ratio of the
links and load levels of the cells. Second, Multiflow directly helps users at the cell
borders: they are able to finish their data transfer events faster, offering increased
opportunities to resource utilization for other users in the network. Since cell-
edge users usually remain in the network for quite a long time due to high signal
losses and inter-cell interference, reduction of their activity time in the network
improves the system fairness.

A Multiflow-capable UE may be allocated resources from both cells in an
Multiflow active set independently, which thereupon increases the utilization
rate of low-load cells while enhancing scheduling opportunities for UEs in high-
loaded cells. In consequence of the increased degree of freedom in scheduling,
load balancing is a significant derivative of the multi-cell transmission concepts.

Flow control and signaling

A Multiflow-capable UE may receive different transport blocks over sepa-
rate data flows, which means the HS-DSCH data needs to be divided for each
cell participating in the transmission. At the receiver, an inverse operation is per-
formed for merging the flows. There are two distinctive options for the location of
the data split and combining and their adequacy is determined by the supported
multi-cell Tx operation.

Intra-site Multiflow enables the use of fast data flow split on the MAC-ehs
layer at the Node B, whereas for inter-site operation the split needs to be per-
formed on the RLC layer in the Radio Network Controller (RNC) - see Figure 1.
In HSDPA, there is no direct link for communication between Node Bs, thus the
split operation in RNC is the only option for excluding a possible core network
operation for inter-site Node Bs. [3GPc]

At the receiver side, two MAC-ehs entities are needed for the RLC PDU
reception of the primary and secondary transmission, in case of inter-site Mul-
tiflow. Similarly, one MAC-ehs entity is sufficient if only intra-site Multiflow is
supported by the network.

RNC is responsible for enabling and disabling Multiflow on user-by-user
basis. It informs the UEs about the cells they should monitor and instructs them
to produce correct Channel Quality Indication (CQI) feedback messages. The
CQI feedback for the Multiflow operation generally follows the structure that
was already defined for the multi-carrier HSDPA. It is the responsibility of the
Node B scheduler to decide, based on the feedback messages, which cells may
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FIGURE1 Data flow split options for Multiflow

participate in a Multiflow transmission. As for the other operations, higher-layer
(L2, L3) signaling will support the activation of Multiflow as well as data flow
control. In addition, Hybrid Automatic Repeat Request (HARQ) on the phys-
ical layer requires dedicated messaging between a UE and each participating
cell.[dAKH*09][3GPe]

1.2 3GPP

The 3GPP forum [3GPa] was created at the end of 1998 by the USA, Europe,
South Korea and Japan (China joined soon after) with the intention to introduce
a new single global standard for mobile communication based on the WCDMA
technology. Figure 2 shows a timeline, which indicates release dates, including
not only for the already existing releases, but also for releases that are expected
to take place before June 2014.

Release 99 Qlljlease 4)[Release 5 @ w

2000 2001 2002 2003 | 2004 2005 2006 2007
| 2008 | 2009 |_2010 [ 2011 | 2012 | 2013 | 2014_|

Release 8 [Release 3 ﬁ{elease 10 @{elease 11 @eleas%

FIGURE 2 3GPP release timeline

The structure of the 3GPP forum is as follows:

— Technical Specification group(TSG) Radio Access Network (RAN), with the
main focus on the radio interface, internal interfaces between Node B and
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RNC, and interface from RNC to CN.

— TSG core and terminals (CT), with the main focuses including the core net-
work, signaling between terminals and core network.

- TSG services and system architecture (SA), with the main focuses on the
services and overall system architecture.

— TSG GSM/EDGE RAN (GERAN), with the main focuses the same as those
of TSG RAN for the GSM/GPRS/EDGE-based radio interface.

Each TSG is divided into several working groups (WG). For example, TSG RAN
has the following WGs:

- TSG RAN WGI1 - physical layer or layer 1.

— TSG RAN WG2 - Layer 2 and 3.

— TSG RAN WG3 - RAN internal interfaces.

— TSG RAN WG4 - performance and radio frequency requirements.
- TSG RAN WGS - terminal testing.

To understand this study better, it is good to keep in mind that it covers mostly
the RAN1 aspects and a bit of RAN2.

1.3 Main contribution and outline

This work addresses the cell edge performance issues; in particular, it examines
how to increase the peak data rate for UEs allocated at the cell edge. This work
has been carried out under the project with Nokia Siemens Networks and some
of its results were included into the 3GPP technical report on the multi-point
transmission schemes [3GPd]. Based on the studies of this thesis, one patent
was submitted in cooperation with researchers from Nokia Siemens Networks
[HSH"12]. Almost all the results were previously published as articles while the
studies on multipoint transmission schemes progressed. The main concept and
first results are provided in [HPHC11]. Articles [PZH'11] and [PZH"12] present
additional techniques, the so-called enhanced equalizer or enhanced type3 re-
ceiver and phase adjustment that can increase the performance in the use of
HS-SEN. The work presented in [Pucl2] in a way finalizes the HS-SFN study
by providing extended results for HS-SFN with all the additional techniques un-
der the different ITU channel models. One article [HPHC12] was written about
another multipoint transmission scheme for HSDPA, so-called Multiflow. This
thesis extends the previous research topics by adding more theoretical informa-
tion, including explanation of combined intra-site scheduler, type3i receiver, and
results analysis, including consideration of PedestrianA, PedestrianB and Vehic-
ularA ITU channel models. In addition to that, theoretical comparison of HS-SFIN
and Multiflow as well as new results of HS-SFN performance with six-sector site
deployment were carried out in this thesis.
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The rest of this thesis is structured as follows: Chapter 2 provides an intro-
duction to the architecture of UMTS as well as to the concept and basic features
of HSDPA. In addition to that, various UE receiver structures such as type3 and
type3i, with their mathematical models are presented. The chapter also consid-
ers three main scheduling algorithms. Chapter 3 presents the main concept of
the HS-SFN with additional techniques, including the enhanced type3 receiver,
phase adjustment and common intra-site scheduler or so called combined sched-
uler, that can increase HS-SFN performance. In Chapter 4, two different simula-
tors that were used in this thesis are presented together with the results achieved
with them. Finally, Chapter 5 concludes this thesis.



2 HIGH SPEED DOWNLINK PACKET ACCESS

The main concept of HSDPA has been well described in [Hol06] and in [KPW 03,
PDF*01]. A more detailed explanation of the physical layer aspects can be found
in the 3GPP specification [3GPr] . This chapter presents the basic architecture
of HSDPA as well as its particular features that were used in this study. The
general structure of UMTS is presented in Subsection 2.1. Other key features of
HSDPA such as HSDPA channels, link adaptation and HARQ are presented, re-
spectively, in Subsections 2.2, 2.3 and 2.4. Subsections 2.5 and 2.6 present some
well-known types of schedulers and receivers. These features are highly impor-
tant for this dissertation: based on the knowledge of these, new types of sched-
ulers for the multipoint transmission scheme performance were investigated and
a new type of receiver was created especially for high-speed single frequency
network scheme.

2.1 UMTS architecture

UMTS is a complete system architecture that was designed for flexible delivery
of any type of services, where each new service does not require particular net-
work optimization. Other important issues regarding UMTS are the backwards
compatible handsets and signaling to support intermode (TDD to FDD and vice
versa) and intersystem handoffs (UMTS to GSM or UMTS to LTE). UMTS net-
work can be divided into three logical domains:

— UE that interfaces with the user;

— UTRAN that handles all radio-related functionalities;

— Core network (CN) that is responsible for transport functions, including
switching and routing calls and data as well as tracking users.

Each of these logical domains can also be divided to smaller elements, as can be
seen from Figure 3 that represents a UMTS architecture, where:
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— Mobile Equipment (ME) - is a single or multimode terminal used for radio

communication.

UMTS Subscriber Identity Module (USIM) - is a smart card that holds the
subscriber identity, subscribed services, authentication and encryption keys.
Node B performs the air interface processing (channel coding, rate adapta-
tion, spreading, synchronization, power control) and responsible for Radio
Resource Management (RRM). It also can operate a group of antennas.
Radio Network Controller (RNC) - controls the operation of multiple Node
Bs, managing resources such as allocating capacity for data transmissions
and providing signaling (call set-up, handoffs etc).

Home Location Register (HLR) - is a database located in the user’s home
system. It stores the master copy of the user’s service profile. The HLR
also stores the UE location on the level of Mobile Services Switching Cen-
tre (MSC) and Serving General Packet Radio Service (GPRS) Support Node
(SGSN).

MSC/Visitor Location Register(VLR) - is the switch and database that serves
the UE in its current location for Circuit Switched (CS) services. The MSC
function is used to switch the CS transactions, and the VLR function holds a
copy of the visiting user’s service profile as well as more precise information
on the UE’s location within the serving system.

Gateway MSC (GMSC) - is the switch at the point where UMTS is connected
to external CS networks. All incoming and outgoing CS connections go
through GMSC.

SGSN - is similar to MSC/VLR, but it is used for Packet Switched (PS) ser-
vices. The part of the network that is accessed via the SGSN is often referred
to as the PS domain.

- Gateway GPRS Support Node (GGSN) - has a functionality close to that of

GMSC but in relation to PS services.
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TABLE 1 Differences between HS-DSCH and DCH

Feature DCH HS-DSCH

Spreading factor Variable, 4-512 Fixed, 16

Fast power control Yes No

Soft handover support Yes No

Multi-code operation Yes Yes, extended

Adaptive modulation and coding No Yes

Physical layer retransmissions No Yes

Node B based scheduling No Yes

Link adaptation No Yes

TTI length 10,20,40 or 80 ms 2ms

Modulation QPSK QPSK,16QAM or
64QAM

2.2 HSDPA channels

This section presents the overview of HSDPA channels and compares them with
the channels from WCDMA. As for the transport layer, the HSDPA has a High
Speed Downlink Shared Channel (HS-DSCH) which is the common transport
channel, i.e. it is shared by all UEs within a cell, while WCDMA has a Dedi-
cated Channel (DCH) for each UE. The differences between these channels are
shown in Table 1. [Hol07]

Depending on the transmitted bits the HS-DSCH can be mapped to the
High Speed Physical Downlink Shared Channel (HS-PDSCH) for data bits and
to the High Speed Shared Control Channel (HS-SCCH) for control bits. [3GPq]
The third channel is the High Speed-Dedicated Physical Control Channel (HS-
DPCCH) and it is the associated channel in the uplink. All these channels are
explained below.

HS-PDSCH is the physical channel used for transmitting data bits. It does
not transport any signaling bits. HS-PDSCH has a fixed SF equal to 16, and it
does not have fast power control mechanism. Instead, HS-PDSCH can use three
different types of modulations: QPSK, 16-QAM or 64-QAM. HS-PDSCH has 16
spreading codes; however, one code is allocated for the common channels HS-
SCCH and only 15 codes at most can be allocated for real data. The final num-
ber of codes allocated for data is dependent on the UE (supporting 5, 10, or 15
codes).[3GPs]

HS-SCCH is the downlink control channel. This channel arrives 2 slots be-
fore the HS-PDSCH. The HS-SCCH channel transports the signaling data asso-
ciated to the transport channel. Basically, HS-SCCH indicates to the UE how to
read HS-PDSCH. HS-SCCH is divided into two parts. The first part contains
the UE identity, modulation used in HS-PDSCH, and coding information. The
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second part transports information, such as HARQ information, or redundancy
information. This physical channel uses QPSK modulation, and its SF is equal
to 128. Unlike HS-PDSCH, HS-SCCH can be power controlled. Nevertheless,
it is a vendor-specific solution. Networks are configured with one HS-SCCH
channel if HSDPA is time-multiplex based. However, if HSDPA scheduling is
code-multiplex based, the network will need to be configured with more than
one HS-SCCH channel. According to the standard, UE can monitor up to four
HS-SCCH channels per a carrier.

The HS-DPCCH channel is an uplink channel used for signaling purposes.
The modulation scheme for this channel is BPSK, and the spreading factor is 256;
thus, this channel has a bit rate of 15 Kbps. Moreover, the HS-DPCCH channel
has a fixed power offset relative to DPCCH and DPCCH is power controlled. The
signaling information sent through this channel is related to ACK/NACK, and
to CQIs. Based on this feedback, Node B will be able to perform link adaptation,
scheduling decisions and retransmission of erroneous information.

2.3 Link adaptation

In cellular communication systems, the quality of a signal received by a UE de-
pends on the number of factors: the distance between the serving and interfering
Node Bs, path loss, log-normal slow fading (shadowing), fast fading and noise.
In order to improve system capacity, peak data rate and coverage reliability, the
signal transmitted to and by a particular user is modified to account for the signal
quality variation through a process commonly referred to as link adaptation. Tra-
ditionally, CDMA systems have used fast power control as the preferred method
for link adaptation.[3GPb]

The main feature of this technique is its ability to give a proportionally
larger part of the total available cell power to links with bad channel conditions,
as Figure 4 shows [PS07]. It provides similar QoS to all UEs in the cell which have
different channel qualities. However, not all of the available output power is fully
used because some power has to be reserved for downlink connection that might
need more power if channel conditions become degraded. This reserve power
cannot be used to increase the system throughput. That’s why its power control
is not the most efficient in the sense of allocating available resources. [ERI99]

As was mentioned in the previous subsection, HS-PDSCH does not use fast
power control for link adaptation, and the spreading factor is fixed to 16 [Hol07].
HSDPA, on the other hand, uses the link adaptation that selects proper Transmit
Block(TB) sizes, coding rates and modulation to match the channel conditions.
This is known as the Adaptive Modulations and Coding scheme(AMC). Proper
usage of AMC requires the measuring of channel quality by UE and reporting it
to Node B. For this purpose, the 3GPP introduced a new technique called Channel
Quality Indicator (CQI).[3GPr]

Besides QPSK modulation, which is used by WCDMA 3GPP Release 99, HS-
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DPA is able to use 16 QAM to provide a higher data rate [3GPt] . And from 3GPP
Release 7 a new modulation scheme known as 64QAM was standardized [3GPt].
In case of QPSK modulation, the modulation alphabet consists of four different
signaling alternatives (Figure 5(a)) that allow transmission of up to 2 bits of infor-
mation during each modulation-symbol interval. With 16QAM modulation, 16
different signaling alternatives are available (Figure 5(b)), that is, 4 bits of infor-
mation per symbol interval. Finally 64QAM modulation allows transmitting of
up to 6 bits per symbol and has 64 different signaling alternatives (Figure 5(c)).

24 HARQ

Link adaptation, which was described previously, and channel dependent schedul-
ing, which will be explained later, are the two main features of HSDPA. These are
achieved through proper data processing before data transmission and allow the
exploitation of wireless channel variations. However, radio-link quality is sus-
ceptible to random variations, and it is hard or almost impossible to perfectly
adapt to instantaneous radio-link variations. Therefore, it is very common to
receive erroneous data packets. Hybrid ARQ, also known as HARQ, is a very ef-
ficient technique that employs a coding scheme through which some frame errors
can be corrected [DPSB10].

The advantage of this is reduction in the average number of transmissions
although each transmission carries redundant information. In HARQ, a subset
of all errors is corrected using Forward Error Correction (FEC) bits, which are
redundantly added to the existing Error Detection (ED) bits. In poor signal con-
ditions, HARQ outperforms ARQ, but, in good signal conditions, HARQ has a
noticeable performance decrease. Basically, HARQ falls into two categories: Type
Iand Type IL. Type I is the simplest form: the sender encodes the message through
adding both ED and FEC information before transmission; the receiver first de-
codes the error-correction code to determine channel quality and then decides
whether a retransmission is needed based on the channel quality. If the chan-
nel quality is acceptable, all transmission errors are correctable and the received
data block can be obtained error free. When the channel does not have a proper
quality, the received data block is rejected and a retransmission request is sent
to the sender. Type II applies a more complex operation than Type I. The sender
sends the original message plus ED codes without FEC information, if the first
transmission is received error free. If an error is detected by the receiver, then
FEC is added to the sent data along with the pre-existing ED. It is also possible
to combine two consecutive error-free transmissions when none of the two sent
messages has errors [DPSB10].

Both chase combining and incremental redundancy are supported by the
HSDPA standards. Chase combining offers diversity gain and is simple in terms
of implementation, while incremental redundancy generally demonstrates a bet-
ter performance than chase combining, though at the cost of increased complex-
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ity and implementation overhead. It has been shown that redundancy in wireless
transmission can  significantly = enhance throughput and improve
performance [Gol05].

In [FPDO1], it has been shown that in a HARQ Type II system, incremental
redundancy substantially outperforms chase combining. However, there are situ-
ations where incremental redundancy cannot be a significantly better choice than
chase combining. It is possible to achieve the highest gains for high channel-
coding rates and high modulation orders, but concerning low Modulation and
Coding Schemes (MCS), incremental redundancy does not yield considerable
link-level performance. Moreover, [FPD01] shows that in a system which utilizes
link adaptation using Incremental Redundancy, large gains cannot be obtained
if link adaptation errors are at a low level. Also, as for fading channels, there
are some cases where incremental redundancy demonstrates poorer performance
than chase combining.

2.5 Scheduling

Starting from Release 5, the scheduler is not located in RNC as it was in Release 4;
itis located at the Node B, which minimizes the delays for the scheduling process.
Furthermore, each HSDPA-capable UE continuously transmits CQI to the Node
B. Based on this information and on the type of scheduler in close cooperation
with link adaptation and HARQ), the scheduler can allocate HS-PDSCH resources
to the UE with data in the buffer in each TTI, as shown in Figure 6.

Although scheduling algorithms are very important, they are not standard-
ized by the 3GPP. That gives an interesting topic to research for the academic
and the industrial world. Indeed, many papers have been written about different
types of scheduling algorithms. For example, in [MKWO07], the authors propose a
new scheduling algorithm for Real Time (RT) traffic and compare it to previously
investigated algorithms for RT and Non-Real Time (NRT). The scheduling algo-
rithm primarily depends on the QoS classes and services. The main difference
between these classes is the balance between transmission delay and reliability.
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There are three basic types of scheduling algorithms which are explained
in this subsection. However, there are other specific scheduling algorithms, in-
cluding the Modified Largest Weighted Delay First (M-LWDF) [AKR*01] and in
the Expo-Linear (EL) [GP06] algorithm. One of the standalone scheduling al-
gorithms is the Maximum Carrier to Interference ratio (Max C/I) or maximum
SINR or maximum throughput algorithm. The main principle of this scheduling
algorithm with many names is to allocate HS-PDSCH resources to the user with
the highest CQI. On one hand, this scheduling algorithm would always have
the best throughput, on the other, there are no fairness in the resource alloca-
tion between the users, and the users with lower CQI may never be scheduled.
The second standalone scheduling algorithm is known as round-robin. A round-
robin scheduler provides the highest fairness in the resource allocation between
the users by scheduling each user with equal fairness their CQI. However, its
overall throughput might be small. The third scheduling algorithm is the propor-
tional fair scheduler. It was initially proposed in [Hol00] and further analyzed
in [Hol01] and [JPPO0]. This scheduler takes into account CQI of the users for
upcoming transmission as well as the amount of previously transmitted bits, and
calculates proportional fair metrics of the users to provide the best throughput
and fairness for the resource allocation. The PFmetric for user k at TTI n can be
calculated as:

(2)

where Py[n] is the proportional fair metric for the user k for the next TTIn, EDR[n]
is the estimated data rate for the user k in the next TTI n and T is the average de-
livered user throughput from previous TTIs.

The average delivered user throughput is calculated as:

Ty =(1—a)-Ny+a-EDRg[n—1], 3)

where N is the average user throughput from the past, EDRy[n — 1] is the data
rate from the previous TTI, and « is the forgetting factor.

Forgetting factor is a very important parameter for proportional fair schedul-
ing. According to the value of the forgetting factor, the proportional fair sched-
uler can allocate resources to achieve either better throughput or better fairness.
The examples of these three scheduling algorithms are presented in Figure 7.

The figure shows that, with the Max C/I scheduling algorithm, the UE with
the highest throughput will always be scheduled. In case of round-robin, UEs will
be equally scheduled over TTIs. The example with proportional fair scheduler is
empty because it can vary depending on the forgetting factor.
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2.6 Receiver

Different types of receivers have come under research. Some of them can decrease
the impact of multipath propagation, and some of them can even be aware of
interference from other cells. Table 2 shows a receivers according to the 3GPP
specification [3GPm].

TABLE 2 Types of Receivers

3GPP Name Reference Receiver

Type0 RAKE

Typel Diversity receiver (RAKE)

Type2 Equalizer

Type2i Equalizer with interference awareness

Type3 Diversity equalizer

Type3i Diversity equalizer with interference awareness
TypeM Multiple-Input Multiple-Output

Not all of these receivers are used in this study: some of them are too old,
mainly fit to be taken into account in the simulation as legacy user equipment.
Type3 and type3i are considered in this thesis. The enhanced type3 receiver, spe-
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cially developed for the HS-SFN transmission scheme, is explained later in this
work.

2.6.1 Signal model

According to [NKLRO5], transmission from a cell assumes that there is one Tx an-
tenna each cell in Node B and Ni, RX antennas at UE. The received chip sequence
equals to

r(m) = H's(m) +n(m), 4)

where s(m) is the transmitted chip stream (5) and n(m) is the noise vector.

s(m)=[s(m+F+L—D),...,s(m),...,s(m— D), (5)

0<D<XF. (6)

In (5) L is the delay spread of the channel normalized to the chip interval, D
is the delay parameter satisfying inequality (6) and F is the length of the linear
filter w that the receiver uses in the filtering of r to obtain the estimate § for the
transmitted chip sequence s:

§(m) = w-x(m). (7)

Multiplication of the channel coefficient matrix H in (4) models the convolution
with the impulse response of the channel. H is the (F + L) x (F - Nry) matrix
given by the following equation:

h 0 0 01"
0OhoO..O0

H=/0 0 h ... 0 , (8)
000 ..h

hi(0)  hy(1) hy (L)
po | RO ) kD) o
hyg, (0) hng, (1) ... hyg (L)

Here h; (1) is the channel impulse of i’ Rx-antenna at the delay I.
2.6.2 Type3

The type3 receiver is also known as LMMSE equalizer with receiver diversity. It
can be used in frequency-selective channels to make the channel flat again and
restore the orthogonality lost due to time-shift between the signals [Nih08]. The
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type3 receiver helps to avoid intra-cell interference or so-called multiple access
interference, which is referred to in this study as own interference.

Intra-cell interference

WCDMA uses Orthogonal Variable Spreading Factor (OVSF) Codes to spread
user data in both the uplink and the downlink[3GP1]. Like signals with different
frequencies or times, orthogonal signals do not create any interference with each
other. However cross-correlation between OVSF codes can rise considerably if
there is a delay shift between them.

Intra-cell interference is a type of the interference that comes from the serv-
ing (own) cell. It emanates from the multipath propagation of the own signal as
presented in Figure 8.

Type3 receiver coefficient calculation

The main concept of type3 receiver is to restore the orthogonality by equal-
izing the received signal from the own cell at a chip level before despreading as
shown in Figure 9 . Equalization take place via an adaptive calculation of the
receiver coefficient.[DAOO01]

To calculate the receiver coefficient vector w of length N - F the following
quadratic cost function should be minimized:

F(w) =E {‘wTr(m) —s(m — r)]} , (10)
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which is the distance between the received chip sequence r(m) equalized and the
(m — T)-th transmitted chip s(m — 7) for a given value of delay T € {—F + D +
1,-F+D+2,...,D+L}.

The value of w which minimizes the cost function F(w) can be found by
deriving (10) with respect to w/ [Bra83]:

oF

After rearranging the equation (11) can be rewritten as:
(H'™H" + Cy,)w" — (H'4;) =0, (12)

where C,, is the white noise autocorrelation matrix, and d; is a zero vector with
the unit on the position 7. Therefore, the type3 receiver coefficient is equal to

w = (H"H + C,) 'Hs.. (13)

According to the [KZL00] and [KZ00] the equation for type3 receiver coefficient
calculation can be expressed as:

w = C,'H(HC,'H + 1)~ 14, (14)

Equations (13) and (14) present the same calculation but in another form. Both of
these equation can be used for calculation of type3 receiver coefficient.

2.6.3 Type3i

The type3i receiver is also known as Diversity LMMSE equalizer with interfer-
ence awareness. This receiver attempts to cancel the interference from users op-
erating in the neighboring cells. This type of interference is also referred to as
inter-cell interference. In type3, only the channel from the own sector is assumed
to be known, and interference from another cell is modelled as AWGN or so-
called white interference. In type3i some amount of the strongest interfering sec-
tors, referred to as like-colored interference, is assumed to be known. This type
of receiver was already well investigated in [NKV07] and [3GPm)].
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Inter-cell interference

As the name tells, inter-cell interference is interference from other cells or
Node Bs. It might appear in the network if two cells use the same frequency and
time, and the scrambling codes that are used for separation signals from these
cells are not orthogonal.

Type3i receiver coefficient calculation

According to [3GPm], the receiver coefficient vector w is calculated using
the inverse of the covariance matrix C,, as shown below (15).

w = C,_rl(Mo)Hcsp, (15)

where M is the (F - Ngy) X (F + L) matrix that is defined as:

(Hoq)"
(HOrNRx ) H

where Hy; is the channel impulse response matrix of i’s Rx-antenna from the
serving cell. From (15), the (FNgy) X (FNgy) covariance matrix C,, is defined as:

NBs,ali
Crr = POMo(Mo)" + Y~ PM;(M)" +1, 17)
j=1

where I is the F x F white noise interference matrix of the receiver antenna i,
which is defined by:

0
=0 "~ 0], (18)

0 o2

1

where 07 is the noise power of the receiver antenna i.

Equation (17) takes into account a maximum number of Node Bs as interfer-
ers. However, this is not very optimal: although this large number of interferers
will increase the complexity of the receiver, it will not significantly increase in-
terference cancelation. Research on the optimal number of interferers has been
carried out by different companies including Nokia, Qualcomm, Motorola and
Cingular in [3GPi], [3GPh], [3GPf] and [3GPg]. Some of the results, which were
generated by these companies, show the contribution of the eight strongest inter-
fering cells to the total interference in the system in Figure 10. These results show
that the five strongest interferers contribute a large portion of the total interfer-
ence. That is why only the five strongest interferers are used in the simulations
of this study.
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2.6.4 C/I calculation

In order to account for inter-cell interference, intra-cell multipath interference,
and equalization, we may express the C/ I, according to [3GPm], more accurately
as

Puata - |wTHTS)?
Lown + Icol =+ Ithermalr

where the total interference consists of three logically different interferences: own
interference or so-called Multiple Access Interference (MAI) (20), colored interfer-
ence (21) and thermal noise (22).

C/I = (19)

Iown = Pow HTSH*w*, (20)
Nps a1l
oy = Y, Pw'H Hw", (21)
j=1
Ithermul = Cthermul/ (22)

where:
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H is the channel impulse response matrix;
w is the receiver weight vector;

¢ is the delay of the receiver;

Ctiermal 18 the thermal noise matrix;

P; is the power received from j Node B.

2.7 Summary

This chapter has presented the main architecture of HSDPA as well as specific
features that were used for this study. However, other features, like MIMO and
handover in physical layer and, a lot more in the higher layers, were dropped
from this thesis not due to fact that they are unimportant, but due to the fact that
it was not used in this study.



3 HIGH-SPEED SINGLE FREQUENCY NETWORK

Unlike the Multiflow multipoint transmission scheme mentioned in [3GPj], in
HS-SEN, the same downlink (DL) data is transmitted on the HS-PDSCH channel
from two cells by using the same carrier frequency and scrambling code in both
cells. Data transmission is TTI-aligned, so that the signals are combining over
the air at the UE receiver, as presented in Figure 11, [HPHC11]. The Figure 11
shows transmissions of two TTIs from cells A and B that belong to the same Node
B, where different colors represent different scrambling codes and crosshatching
depicts different channel impulse responses. The strict TTI alignment and a re-
quirement to transmit exactly the same data pose a further constraint, namely
that the HS-SEN technique is most likely limited to the intra-site scenario, i.e.
cells belonging to this cooperative transmission are under the control of the same

TTI1 TTI 2
nodeB A

nodeB B
e

(/22 Channel IR

FIGURE 11 HS-SEN data signal formation
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system module. It is, however, worth mentioning that recent advances in core
network architectures and, in particular, remote radio head deployment makes it
possible to run HS-SEN outside the classical three-sector site scenarios.

The main gain of the HS-SFN usage derives from combining the two strongest
signals: the strongest signal coming from the serving Node B and the second one
coming from the neighboring sector. At the same time, this can reduce consider-
ably the interference from the second cell as it starts to assist in data transmission.
Equation (23) shows s simplified version of enhanced C/I with HS-SFN:

0.7Pown 4 0.7P5,4
YN o P = Pown — 0.7Pa4°
where i is the i-th cell and N the total number of cells. It is assumed that 70%
of power is used for data channel (HS-PDSCH) and 30% is left for control (pilots
and signaling) channel overhead.

Besides the TTI-level synchronization, the receiver should be able to deal
with assisted transmission. Another challenge is that the combining of two sig-
nals can have either positive or negative due to uncorrelated fast fading. This
problem is solved if the data transmissions from the two cells are adjusted in
such a manner that the signals arrive in phase.

C/l=

(23)

3.1 Signal model

The signal model for HS-SEN transmission is very similar to the signal model
for the transmission from only one sector, which was described in 2.6.1. That is
why only the difference between these signal models will be described in this
section. During HS-SFN assisted transmission, only the data part of the signal
uses the same scrambling. However, both cells still use their own scrambling for
control channels which still need to be received by other legacy UEs. As a result,
expression (4) is converted to:

ro(m) = Hlso(m) + HLs;(m) +n(m). (24)
In turn, in expression (24), s(m) can be divided into control and data parts, so
that:

re(m) = H (d(m) + co(m)) +Hi (d(m) + c1(m)) +n(m), (25)
where Hj; is the channel coefficient matrix for serving (Hp) and assisting (H;)
cells, d(m) is the data part of the signal, and ¢y (m) is the control part of the
serving and assisting cell.
Since the data parts of the signals coming from the serving and assisting
cells are the same, they can be combined according to equation (26):

Ly P,
HI — H(])"+ 111, data HlTr (26)
LOPO,duta
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FIGURE 12 Enhanced type3 receiver

where L; is path loss from the jth cell to UE and P; 4,4, is the transmit power for
HS-PDSCH of the j cell. The serving cell is referred to by j = 0, and the assisting
cellbyj=1.

Using expressions (25) and (26), the received chip sequence can be found as
follows:

ro(m) = Hid(m) 4+ Hj co(m) + Hi ¢1(m) 4+ n(m). (27)
3.2 Enhanced type3 receiver

During an HS-SEN transmission, UEs estimate the channel based on pilots trans-
mitted in the control channel. As the pilots remain separated by scrambling also
for an assisted transmission, the UE needs to estimate the two channels sepa-
rately, combine the estimates, and then perform equalization of the signal, as
depicted in Figure 12.

This enhanced type3 is based on the type3 receiver for standalone transmis-
sion (transmission from one cell) described in [DAOO01] and [KZL00]. A com-
parison of type3 and enhanced type3 receivers with HS-SFN can be found in
[PZHT11].

To calculate the receiver coefficient vector w of length Ny - F, the following
quadratic cost function should be minimized:

F(w) =E {‘wTr(m) —s(m — T)]} , (28)

which is the distance between the received chip sequence r(m) equalized and the
(m — T)-th transmitted chip s(m — 7) for a given value of delay T € {—F + D +
1,-F+D+2,...,D+L}.

The received chip sequence is defined in (27), and the transmitted (m — 7)-
th chip in (28) is expressed as
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s(m—1)=d(m—1)+c(m—1). (29)

Then, w that minimizes the cost function F(w) can be found by deriving
(28) with respect to w’ [Bra83]:

oF
ST = (LoHER o1 HE + LoHY Rep H + LiH{ Ry H +

+ Rn)W* B (Pdatu \/L_OHE‘ST + Pt \/L_OHgéT) =0,

where Ryt ct1is (F+ L —1) x (F 4+ L — 1) the autocorrelation matrix of a signal
transmitted through a data or control channel and can be found as follows:

(30)

Piata,ctri 0 . 0
Rigoen = | et 0 (31)
0 0 oo Pagtactr
Therefore, the enhanced type3 receiver coefficient is equal to
W = (PiataLoHE He + Pogyy LoHG Ho + Poyy LyH{ H + 32)

+ Cn) ! (Pdutu mHgér + Pctrl \/LioHé_Ié-r) .

Note that only a single receiver is required, leading to relative low complex-
ity and consequently low power consumption at the UE.

3.3 C/I calculation

The same equation that was expressed in (19) can be used for both the HS-SFN
C/I calculation and the C/I for standalone transmission calculation. This equa-
tion is presented also below (33) to better explain the difference in calculation of
its components.

2
Pdutu : |WTH25’
Lown + Icol + Ithermal ’

where the total interference also consists of three logically different interferences:
own interference or so-called Multiple Access Interference (MAI) (34), colored
interference (35), and thermal noise (36).

C/I= (33)

Lown = PdatawTHZSH:Z’U* + PcterTHggHSW*r (34)
Npsan 1.p.
_ 1) T T
Iot = ) O H/Hw", (35)
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1
Ithermal = mcthermul/ (36)

where:

H_ is the combined channel impulse response matrix (26);

P41, is the power for HS-PDSCH;

P, is the power for control and pilot channels;

w is the receiver weight vector;

J is the delay of the receiver;

Chiermal 18 the thermal noise matrix;

L; is the pathloss from UE to the jth Node B;

P; is the transmit power of the jth Node B.

In (34), interference from the own cell was divided into the data and control
parts due to the combining of the data channel impulse response matrices. In (35),
if j = 1, then only 30% of P; should be considered since there is no interference
from that cell on the HS-PDSCH channel.

3.4 Phase adjustment

To further improve HS-SEN performance gains, the transmitted signals from serv-
ing and assisting cells can be adjusted in such a way that the signals arrive to a
UE in phase. Such an approach can definitely improve performance of the HS-
SEN scheme since a similar solution has been used in the HSPA and LTE systems.
As with the HSPA single stream MIMO transmission[PWS*07], a set of trans-
mitting antenna weights are defined. In the case considered, this set consists of
two weights: the signal transmitted through HS-PDSCH from the serving cell is
multiplied by the first weight, and the one from the assisting cell by the second
weight. The transmitting antenna weights are not applied to the pilot and control
channels.
The first weight always remains fixed and equal to one:

ag = 1. (37)

The second weight provides a phase adjustment and is set to one of the following
values according to the UE feedback:

1+j1—-j —-1—j —1+j}
“ = 7 7 7 7 38

R S AR A .

where j is an imaginary unit. As one can notice, the weights applied to the assist-
ing cell’s HS-PDSCH differ by ninety degrees. Thus, there are four possible sets

of transmitting antenna weights and one of these sets is chosen based on the UE
feedback information.
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3.5 Combined Scheduler

This section introduces a different type of site scheduler for HS-SEN, the so-called
combined scheduler. The main aim of the combined scheduler is to choose the
best configuration taken into account metrics from all UEs in the site, with and
without HS-SEN. The main concept of it is quite simple as can be seen from Fig-
ure 13. However it is hard to choose the best one in terms of improving the
performance for HS-SFN UEs, with marginal impact on overall performance of
the network.

IPF metric for UEs from Cells, Decision from Combined Scheduler |

Combined Scheduler

FIGURE 13 Combined scheduler architecture

To start with, each cell calculates a proportional fair metric for each UE. For
HS-SEN UEs, the proportional fair metric is calculated with and without HS-SEN
transmission and then the metrics are sent to the combined scheduler. The com-
bined scheduler chooses the best combination, considering following algorithm.
Let’s assume, that PFMxy (n) is the proportional fair metric for UE 1, where X
and Y refer to the cell site index of 1, 2, 3 for the serving and assisting cell re-
spectively for HS-SEN transmission. For standalone transmission, i.e. without
HS-SEN, PFMyy (n) becomes PFMx (n), where n is the index of UE within cell
X.

Firstly, the combined scheduler considers the standalone transmission of UE
for each cell:

PFMgtandatone = max{PFMy (n)} + max{PFMy(n)} + max{PFMs(n)}. (39)

Then, all the possible two-cell HS-SFN combinations are considered with
the standalone scheduling from the third cell:
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PFMy3 = max{PFMji,(n)} + max{PFM3(n)},
PFMy3p = max{PFMy3(n)} + max{PFM,(n)},
PFMp; 3 = max{PFMy; (n)} + max{PFMj3(n)}, (40)
PFMp31 = max{PFMy3(n)} + max{PFM;(n)},

PFMs15 = max{PFMs1(n)} + max{PFM,(n)},

PFMsp1 = max{PFMz;(n)} + max{PFM;(n)}.

However, all these combinations are possible only if all cells have HS-SEN

UEs as shown in Figure 14 and if some cells does not have any UE, then combi-
nations for these cells are simply absent.

FIGURE 14 Position of UEs when all HS-SFN combinations are possible

Finally, the combined scheduler chooses the combination that maximizes
the overall proportional metric:

max{PFMsandaiones PEMi23, PEMi32, PEM>1 3,

(41)
PFMy31, PFM315, PFMz; 1 }.

This was the description of the proportional fair combined scheduler that
was used for simulations in this work. However, by applying several additional
rules this scheduler can be modified to two other schedulers. The first one is the
so-called prioritized scheduler, where UEs in the softer handover area will always
have a higher priority compared to the other UEs. This type of scheduler should
bring the maximum gain that can be achieved from the use of HS5-SFN because
the HS-SEN technique is able to help UEs only in the softer handover area. But
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still this gain would show a fair comparison since UEs under similar geometry
conditions were prioritized. In the worst case, the prioritizing scheduler can com-
pletely block UEs in the non-softer handover area since they will not get sched-
uled during the presence of a softer handover UE. This can happen with the full
buffer traffic model or with overloaded cells with the FTP traffic model. How-
ever, the simulations were mostly done for cells with a low or averaged load, in
which the probability of this effect is too small. The second scheduler type is the
so-called non-blocking scheduler, where HS-SFN transmissions take place only
if the assistant cell is completely empty or does not have anything to transmit to
their own UEs. This type of scheduler will bring a smaller gain from HS-SFN
compared to main or prioritized schedulers, because it will limit the amount of
HS-SEN transmissions. However, only this type of scheduler can guarantee a
positive gain of HS-SFN for the overall performance of the network. Of course,
even with this type of scheduler HS-SEN will increase the interference level for
other UEs, due to additional transmission from the assisting cell, but, according
to the previous simulations, the positive effect from HS-SFN is always greater
than the impact due to additional interference.

3.6 Real life usage considerations

3.6.1 HS-SFN candidate selection

A straightforward approach to select candidate UEs for HS-SFN transmission is
to rely upon the existing handover mechanisms and related measurements of
link path strengths by the UE. Every UE maintains the active set of the strongest
cells and sends measurement reports whenever changes in the link strength are
detected, so that the network can decide how the active set should be adjusted.

As a part of the active set update procedure, the RNC can decide whether
the HS-SFN scheme should be activated for a particular UE based on the cells’
quality reported in the measurement report. It should be noted that in the
3G/HSPA architecture, the measurement reports are sent towards the RNC,
whereas HS-SFN scheduling is performed by the Node B based on the CQI re-
ports from the UE. Thus, the most preferred approach is that RNC performs a so-
called synchronous change configuration where both the UE and Node B know
that starting from a particular moment of time the UE will monitor the given HS-
SEN assisting cell and send back related CQI reports. Similarly, it is up to the
RNC to decide when the HS-SEN operation should be terminated or switched to
a different assisting cell.

Once the serving cell starts to receive CQI reports on the combined chan-
nel performance from the serving and assisting cells the site-wide scheduler can
make a decision in which TTIs to enable the HS-SFN transmission by instructing
the assisting cell to send exactly the same data as the serving one. This concept
is similar to the existent HSPA multi-carrier joint scheduling approach with the
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difference that the two cells belong to different sectors and are on the same fre-
quency.

3.6.2 Control channel considerations

As shown in Figure 11, while there is no interference on data channels in cell B,
the pilot and also other control channels will remain on the native scrambling of
cell B and will be subjected to higher interference by the use of scrambling A.
As an example we may consider HS-SCCH which carries coding and modulation
information for the UE that will be scheduled in the following TTI. The power of
the HS-SCCH can be adjusted to guarantee a certain error rate at the designated
UE receiver. Thus, while the interference on the H5-SCCH is raised by assisted
transmissions in cell B, the C/I at the UE can be maintained by increasing the
HS-SCCH power share (and decreasing that of the assisting data transmission).

Depending on the UE, the required C/I for the control channel may be from
-9dB down to -12dB [3GPk]. When mapping the geometry distribution of all
UEs in the network to HS-SCCH power requirements, already 90% of all UEs
will be served with a share of 22% of the total transmit power on the HS-SCCH.
With increased interference by HS-SFN assisted transmissions, the 90 percentile
is achieved with an HS-SCCH power share of 30%. It should be noted that while
the control channel power in cell B needs to be increased, it can be decreased in
cell A.[HPHC11]

3.6.3 HS-SFN and HARQ

When a common scheduler is in use, also HARQ decisions can be done there. The
main reason for controlling HARQ is that if scheduling and HARQ module reside
separately, the scheduler is unaware of available HARQ processes and retrans-
mission at cell level. A feasible option is to make HARQ decisions at common
scheduler. If HARQ is used for initial HS-SFN transmission and a retransmission
is required, the scheduler can allocate resources from both cells taking part in the
transmission. This can not be guaranteed with cells doing separate scheduling
since they are unaware of HARQ situation in the other cell. Common sched-
uler performing proportional fair scheduling may exploit HARQ decisions in its
scheduling algorithm. When HS-SFN transmission is used, HARQ ACK/NACK
is sent to main cell only, like with other DL transmission. With chase combining
HARQ retransmission must happen with the same MCS than the initial trans-
mission. With incremental redundancy which is used with higher MCS retrans-
mission may happen with different MCS also. If chase combining HARQ is used
then HS-SFN transmission should be used for both initial transmission and re-
transmission. Since chase combining HARQ has to apply the same MCS, failing
to use HS-SEN in re-transmissions will not improve noticeably SINR per each re-
transmission (theoretically, it will be just 1.5dB versus 3dB). As opposed to that,
incremental redundancy HARQ can use any MCS, so if the HS-SEN is not in use
for re-transmissions, then transmission just use a more robust MCS to send those
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additional parity bits. Basically there are two options for HS-SFN and HARQ:
use HS-SEN for initial transmission and retransmission(chase combining HARQ)
or use HS-SEN only for initial transmission (incremental redundancy).

HS-SFEN for initial Tx and reTx

In this mode both initial transmissions and retransmissions are assisted.
With this option the SINR remains at good level during the retransmissions. The
problem is that occasionally there might not be possibility to transmit retransmis-
sions from assisting cell. In this case the transmission will hang and in the worst
case cause time-out on RLC layer retransmission.

HS-SEN for initial Tx only

In this mode only first HARQ transmission is assisted and retransmissions
are performed by the main cell only. This means that the SINR for retransmis-
sion will be lower and might not be sufficient for successful reception of packet.
Taking that into account, this mode would be feasible for HS-SFN-users near the
BS or if their movement causes the SINR to increase enough. In that case, incre-
mental redundancy could be possible also. This mode may be feasible if there are
no free HARQ processes left. This also solves the RLC layer time-out problem.
This option would be the simplest in a sense that there is no need to schedule
resources for retransmission at assisting cell. The problem will be users in bad
channel conditions. If same MCS has to be used for retransmission, as with chase
combining, there will be a significant signal level drop and the gain from HARQ
retransmission is small.

3.7 Summary

This chapter has presented main concept of HS-SFN, including the techniques,
known as phase adjustment, enhanced type3 receiver and combined scheduler,
that can increase the performance for the UEs in the border of the cells.



4 SIMULATION RESULTS

This chapter presents the results from the system level simulator as well as the
verification results from Matlab. It also explains the simulation models with
which the results were obtained.

4.1 Matlab model

Two Matlab models were created for this work. The first one was created to eval-
uate different HS-SFN improvements more carefully with shorter simulation time
and the second one for theoretical comparison of HS-SFN and Multiflow.

The improvement in the HS-SFN performance obtained by the phase adjust-
ment mechanism and the enhanced type3 receiver was evaluated in Matlab. A set
of scripts and functions were created for deriving the signal-to-interference ratio
by using for instance path gains, power of signal transmitted through HS-PDSCH
and control channel. The calculation of the SINR for different values of relative
path gains between the serving and the assisting cell is expressed in decibels. For
each value of this ratio M simulations are run, and the impulse response matrices
for serving, assisting and interfering cells are set randomly in each simulation.
An average value of SINR from M simulations is calculated for each relative path
gain. Basic parameters of the Matlab model are presented in Table 3 and the full
description of the whole file set can be found in APPENDIX 1.

The comparison of signal-to-interference ratios for transmission in a stan-
dalone case, i.e. without a possibility of HS-SFN transmission (reference case),
for HS-SEN and for HS-SEN with phase adjustment are shown in Figure 15. It can
be seen that the gain from using HS-SEN is increasing with the decreasing differ-
ence between the path gains of the serving and the assisting cells. This happens
because HS-SFN transmission from the assisting cell can remove 70% of inter-
ference from the second best interferer. Further, the difference between HS-SFN
and HS-SEN with phase adjustment is also increasing as the difference becomes
smaller in path gains. This happens due to the summing of the two signals in a
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TABLE 3 Matlab verification parameters

Parameter Value
Receiver length, F 10
Number of receiver antennas, Nz, 2
Number of multipath components, L 6

Relative power of the signal transmitted through HS-PDSCH, Py, | 0.7
Relative power of the signal transmitted through control channels, | 0.3
P ctrl
Number of interfering cells, N 56

Number of simulations, M 1000

[ JReference
[ HS-SFN
I 11S-SFN with Phase Adjustment

SINR, dB
N

30 27 24 21 18 -15 -12 9 6 -3 0
Relative path gain between assisting and serving BTSs, dB

FIGURE 15 SINR for reference and HS-SFN with and without phase adjustment cases

constructive manner only.

Figure 16 shows the C/I difference between the type3 receiver and the en-
hanced type3 receiver within the HS-SEN transmission. It can be seen that the dif-
ference between these receivers increases with the decreasing difference between
path gains of the serving and assisting cells, which is due to the interference level
of the control signal from the assisting Node B. The interference is taken into ac-
count when calculating the enhanced type3 receiver coefficients. This is not the
case with the type3 receiver.

A theoretical comparison of HS-SEN and Multiflow was also done in Mat-
lab. The Shannon equation in [MNK™07] was calibrated with the MCS distribu-
tion from a semi-static simulator and expressed as :
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FIGURE 16 SINR for type3 and the enhanced type3 receivers under HS-SFN transmis-
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FIGURE 17 Calibration of Shannon equation

From Figure 17, it can be seen that two curves are quite similar and the
upper limit is set according to the highest data rate that can be achieved with the
standardized set of MCSs.
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FIGURE 18 Burst rate according to the Shannon equation

Figure 18 represents the theoretical comparison of the reference case (with-
out HS-SEN or Multiflow), HS-SFN and Multiflow. The throughput is calculated
according to equation (42), where SINR values from 0 to 35 with 0.5 dB steps are
passed as input. For both HS-SFN and Multiflow, it is assumed that the differ-
ence between the path gains of the serving and the assisting cells is equal to zero.
According to Figure 15, the SINR in the HS-SEN case could be further increased,
by several decibels, with phase adjustment and enhanced type3 receiver. With
Multiflow, this theoretical throughput would be doubled since there is no differ-
ence between the path gains of the two cells. As depicted in Figure 18, Multiflow
can significantly increase the throughput, especially for the UEs with high SINR.
HS-SEN, however, can perform better in the lower SINR area.

4.2 System-level simulator

In this section, the system performance evaluation of the HS-SFN is presented.
First, the system level simulator is described and then the results obtained with
this simulator for HS-SEN are discussed in Subsections 4.2.1 - 4.2.5.

The network layout consists of 19 Node Bs, with 1 km site-to-site distance.
In addition to usual 3-sector network layout, 6-sector Node Bs are simulated to
increase the number of UEs in the handover area and to compare the influence on
sectorization to the achieved gain from HS-SFN. The equations and parameters
for 3-sector and 6-sector Node Bs [3GPn] can be found in Table 6 and the differ-
ence in the antenna pattern and network layout can be seen from Figure 19 and
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FIGURE 19 Antenna pattern for 3-sector and 6-sector sites

FIGURE 20 Network layout for 3-sector and 6-sector sites

These simulations use the so-called wrap-around model: transmissions from
the cells are replicated outside the existing network layout, giving a realistic in-
terference calculation for every UE in the network and especially for the UEs at
the border of the network layout. The wrap-around model as well as its sim-
ulation methodology are explained in [Hyt01], and an example of the network
layout with wrap-around is presented in Figure 21. Another possible solution for
proper interference calculation is provided by the so-called center-cell simulation
model, where UEs are dropped to the whole network but the results are obtained
only from the center cell. However, in comparison with the wraparound model,
to obtain the same set of results, the simulation time will significantly increase.
That is why the wrap-around model was selected for this study.



FIGURE 21 Wrap-around model with 19 Node Bs
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UEs are uniformly distributed over the network, where the number of UEs
per cell varies. The number of runs and number of UEs per cell has been cho-
sen as a good balance between simulation time and accuracy of the results and
presented in Table 4. The simulation time depends on the total amount UEs per
network, hence with increasing the number of UEs per cell, the number of run is

decreasing.

TABLE4 Number of runs vs number of UEs per cell

Number of UEs per cell

1

2

4

16

32

Number of runs

106

80

27

14

The propagation model was taken from [3GP1] and defined as:

where R is the distance between UE and Node B in kilometers.

L = 128.1+ 37.6l0g10(R),

(43)
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The parameters for slow fading were taken from the same document. Log-
normally distributed slow fading is modeled for each UE separately when a UE
enters the network with 8 dB of shadowing standard deviation and the shad-
owing correlation distance of 50 meters. Even though the UEs are stationary, fast
fading is modeled according to the International Telecommunication Union (ITU)
channel models such as PedestrianA, PedestrianB and VehicularA. However, the
power delay profiles of these models were modified in the sense that the delay
between paths would be equal to chip-tupled time. The modified power delay
profiles presented in Table 5 and the reference for it can be found in [3GPk] and
[Rec97].

TABLE5 Power delay profiles fro ITU channel models

Number of tap 1 2 3 4 5 6
PedestrianA delay, | 0 1 - - - -
chips

PedestrianA power, dB | 0 -12.77 | - - - -
PedestrianB delay, | O 1 3 4 5 9
chips

PedestrianB power, dB | 0 -2.8 -5.97 | -11.43 | -1091 | -9.35
VehicularA delay, chips | 0 1 2 3 4 -
VehicularA power, dB | 0 -1.92 | -731 |-10.39 | -10.89 | -

The maximum number of HS-DSCH codes is 15, with the spreading factor
of 16. The simulations were done without code-multiplexing, i.e. only one UE can
be scheduled per one TTI. The maximum power of Node B is 20W; however only
14W or 70% is used for HS-PDSCH transmission. The remaining power, i.e. total
overhead power, is used for the pilots and the control channel. The Signal to In-
terference plus Noise Ratio (SINR) is mapped to packet error probabilities using
the Actual Value Interface (AVI) approach. The CQI signalling via HS-DPCCH is
ideal, i.e. it always correctly decoded, however 3 TTI delays were introduced to
make simulations more realistic. There are 6 parallel HARQ processes and only
4 retransmissions at most is possible per one transport block. To simplify the
reviewing of the main simulation parameters, they are introduced in Table 6.

Only the second strongest interfering cell is considered as the assisting cell,
with an additional requirement that this cell must belong to the same site as the
main serving cell, which has an impact on choosing the candidate UE for HS-SFN.
Theoretically, there is possibility to choose not only the second best interferer,
but rather consider the third strongest interfering cell, which belong to the same
site, as the assisting cell, if the second strongest interfering cell is belong to the
different site. It will increase the number of HS-SFN candidates, however it might
decrease the overall benefit from HS-SFN. According to the network layout, path
loss model and Node B antenna model from Table 6, the average percentage of
HS-SEN candidates for three-sector sites is 4-5% and for six-sector sites is about
6%. Since traffic load is uniformly distributed over the network, there is no need
to separate the threshold value used for HS-SEN for different cells. However, for
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Parameter Value

Cell Layout Hexagonal grid, 19 Node Bs, wrap-around
Number of sectors per Node B 3,6

Inter-site distance 1000 m

Carrier Frequency 2000 MHz

Path Loss L=128.1 + 37.6log10(R), R in kilometers
Log Normal Fading

Standard Deviation 8dB

Inter-Node B Correlation 0.5

Intra-Node B Correlation 1.0

Correlation Distance 50m
Max BS Antenna Gain

3-sector site 14 dBi

6-sector site 17 dBi

2D Antenna pattern
for 3-sector site
for 6-sector site

A(0) = —min(12(0/0345)%, Am)
0345 = 70 degrees, Am = 20d4B
0345 = 35 degrees, Am = 23dB

Channel Model PedA3, PedB3, VehA30

CPICH Ec/Io -10dB

Total Overhead power 30%

UE Antenna Gain 0 dBi

UE Noise figure 9dB

UE Receiver type type3, type3i and enhanced type3
Speading factor 16

Maximum Sector Transmit Power 43 dBm

Handover reporting range 3dB

Number of HARQ processes 6

Traffic
Traffic model
Number of UE per cell
File size
Inter-arrival time

Bursty Traffic Source Model
1,2,4,8,16 and 32

Fixed at 1 Mbit

Exponential, mean = 5 seconds

Flow control on Tub

Ideal and instantaneous

CQI

Ideal with 3 TTI delay

Scheduling
for reference scenario
for HS-SEN scenario

Proportional Fair Scheduler
Combined intra-Node B scheduler

networks with unbalanced traffic loads, a different threshold value might be used
for each cell to achieve the best performance.

Two different types of schedulers were used for the non-HS-SFN and HS-
SEN scenarios. One is the well-known independent proportional fair scheduler




54

[JPP00], where the UE probability to be scheduled depends on the proportional
fair metric, which in turn depends on the achievable data rate and scheduler de-
cisions in the previous TTIs. This type of scheduler is used for all the UEs in the
reference scenario. And for the HS-SFN scenario, a common site-wide scheduler
is enabled. That kind of scheduler is able to form all possible scheduling com-
binations and choose the combination with the highest possible total data rate
for the whole site while also taking into account the proportional fair resource
allocation. More precise information about site-wide scheduler can be found at
3.5.

4.2.1 HS-SFN

This subsection presents the results for HS-SFN without any additions such as
phase adjustment or enhanced type3 receiver. These results represent the base-
line legacy case of a UE with no HS-SEN related changes. Similar results were
presented in [HPHC11]; however, after that they were regathered with the FTP
traffic model, and only one scheduler approach is taken into account. HS-DDTx
is dropped completely from these simulation results due to its minor benefit on
the results taking into account the increasing complexity for the scheduler and
signaling in the real life. The first set of results is presented as cumulative distri-
bution function (CDF) figures for 1, 8 and 32 UEs per cell, showing the benefit of
HS-SEN for cells with a low, average or high load. Two receiver types are under
our consideration in this section: type3 and type3i, which were described in 2.6.2
and 2.6.2, respectively. Since HS-SFN can benefit mostly on the UEs in the softer
handover area, the next figures present results for softer handover UEs and also
for all UEs showing the overall system performance.

From Figure 22(a), Figure 22(b) and Figure 22(c), that show CDF for 1 UE
per cell with the type3 receiver for PedestrianA, PedestrianB and VehicularA re-
spectively, it can be seen that HS-SEN can increase the performance of the softer
handover UEs. However, all UEs curves exhibit a marginal variation, that may be
partly explained by different interference distributions. Regarding the usage of
HS-SFN under the different channel models, there are some variations from the
absolute user burst rate; however, the HS-SEN improvement looks quite similar.

The Figure 23 presents results for the type3i receiver in the same way as in
the previous figures. This figure shows a similar HS-SFN benefit on the softer
handover UEs and marginal differences for all the UEs.

Figure 24(a), Figure 24(b) and Figure 24(c) show CDF for 8 UE per cell with
the type3 receiver for PedestrianA, PedestrianB and VehicularA, respectively. The
performances of all the UEs are the similar with or without HS-SEN. The UEs in
the softer handover area still have some benefit from HS-SEN, however it is de-
creased compared to the 1UE per cell simulation results. This can be explained
by the fact that the neighboring cells with low loads often do not have their own
users to schedule, thus providing opportunities for those cells to assist the serv-
ing cell. The percentage of HS-SFN TTIs are decreasing with the increasing cell
load, and, in line with this, the gain from HS-SFN is decreasing. Dependency in
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the results between different channel models looks the same as in the previous
results, as well as the relation in the results between type3 and type3i receivers.
Results for the type3i receiver are presented in Figure 25.
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FIGURE 26 CDF of HS-SFN compared to non-HS-SFN operation for type3 and type3i
receivers with PedestrianA channel and 32UE per cell

The Figure 26(a) and Figure 26(b) show the results for 32 UEs per cell with
type3 and type3i receivers, respectively. There is neither positive nor negative
effect from HS-SEN. This can be easily explained by the rare usage of HS-SFN
due to the high load in the cells, which does not allow the scheduler to assist the
serving cell. The results are presented only for the Pedestrian A channel. How-
ever, the same dependence was observed in the results from other ITU channel
models.

Figure 27(a), Figure 27(b) and Figure 27(c) show a quite logical dependence
performance for different ITU channel models, i.e. the best performance is reached
under the PedestrianA channel, a bit worse with the VehicularA and the worst
with the PedestrianB. Unlike in gain comparison, that will be shown later, these
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figures show a linearly decreasing absolute burst rate (as well as the difference
of HS-SEN in relation to the reference cases) with increasing load level. Looking
at Figure 27 and Figure 28 it also good to mention that the HS-SFN difference in
relation to the reference cases is quite similar with the type3 and type3i receivers,
despite the fact that the absolute burst rate with the type3i receiver is bigger com-
pared with the type3 receiver.
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FIGURE 29 Mean burst rate gain of HS-SFN compared to non-HS-SFN operation for
type3 receiver with different ITU channels
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FIGURE 30 Mean burst rate gain of HS-SFN compared to non-HS-SFN operation for
type3i receiver with different ITU channels

Figure 29 shows the comparison between the mean burst rate gain of an HS-
SEN operation and that of a non-HS-SFN operation for all UEs and for UEs allo-
cated to the softer handover area for the Pedestrian A, Pedestrian B and Vehicular
A channels with the type3 receiver. The same results, but for the type3i receiver,
are presented in Figure 30. These results show that a 20% gain can be achieved
for UEs in the softer handover area with a very small overall negative gain for
all the UEs in the network. The burst rate gains decrease with higher-load cells.
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This may be explained by the fact that the low-load neighboring cells often do not
have own users to schedule; a short-term load balancing is thus being observed
there. For high-load cells, the load balancing effect disappears because without
their own UEs the cells cannot make use of HS-SFN. The additional interference
created by their assistance in transmission to other cells has smaller impact for
the low-load than for the high-load.

Gain = (AbSOlMt@BRHS,SFN/AbSOlMi’EBRmm,HS,SFN - 1) - 100%. (44)

The gain figures also show that the decreasing gain from low to high load is
not linear. This can be explained by the randomness in the simulation regarding
the different UEs” position and fast fading, notwithstanding the big numbers of
the simulation run. Another explanation provided in Figure 27(a) - Figure 28(c)
that show the absolute burst rate for HS-SEN and the reference cases. With the
increase in the load of the cell, the burst rate becomes smaller and, according to
the (44), with a smaller burst rate the variation of gain becomes higher. Compar-
ing the gain from HS-SFN under different ITU channel models from the Figure 29
and Figure 30 can be mentioned that, theoretically, HS-SFN with a PedestrianA
channel should perform better than with other ITU channel models since with
smaller number of taps there are more chances to achieve a bigger gain.

4.2.2 HS-SFN with enhanced type3 receiver

This subsection presents the results for HS-SFN with enhanced type3 receiver as
well as its comparison with the normal type3 receiver. Basically, these are ex-
tended results of the article [PZH ™ 11], in which the results only for PedestrianA
channel were presented. This study extends the results for channels with more
path and with a longer delay spread, including the PedestrianB and VehicularA
channel models. Additionally, in this study the results have also been gathered
for the high-load cell (16 and 32 UEs per cell). The way of presenting the results
here is quite similar to that in the previous section. First, the results for 1 and 8
UEs per cell are presented as CDF of user burst rate. Then a precise comparison
to the type3 receiver is shown as CDF with 1 UE per cell. After that, it is the
turn of absolute burst rate comparison, and finally gain comparison will finish
the enhanced type3 receiver evaluation.

Figure 31(a), Figure 31(b) and Figure 31(c) present CDF curves for 1UE per
cell for PedestrianA, PedestrianB and VehicularA ITU channel models respec-
tively. These figures show that enhanced type3 receiver does not change the
overall impact of HS-SEN, i.e. there is almost no difference for all UEs perfor-
mance; however, UEs in the softer handover area perform better than with the
type3 receiver, especially the UEs with higher burst rate. It can be seen that HS-
SEN as well as the reference cases have higher burst rates with the PedestrianA
channel.

Figure 32 presents the CDF curves for 8UEs per cell under different ITU
channel models. The benefit from HS-SEN for 8UEs in the softer handover area is
less than for 1UE per cell; however, it is still better than the results for the type3
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receiver. An exact comparison between type3 and enhanced type3 is done only
for the cases with 1UE per cell because HS-SFN has the highest benefit there, and
the difference between two receivers might be seen best there. This comparison is
done only for softer handover UEs and can be observed in Figure 33. This figure
shows only one CDF curve for the reference cases for the type3 and enhanced
type3 receivers. This is due to the results being exactly the same and overlapping
each other. The enhanced type3 receiver does not increase the performance of
the lowest 20% burst rate UEs and has a bigger benefit on the higher percentile
portions. It can be explained by the fact, that enhanced type3 receiver decrease
the own interference and UEs with low burst rate should have quite strong inter-
site interference and own interference does not impact much. The smallest benefit
of usage enhanced type3 compared to type3 can be observed from the results with
the PedestrianB channel model.

Figure 34 presents the comparison of absolute burst rate for HS-SEN with
the type3 receiver, for HS-SFN with the enhanced type3 receiver and the refer-
ence or non-HS-SFN case. As was said previously, there is no difference in the
reference case between the type3 and enhanced type3 receivers: that is why only
one reference case is presented in this figure. This figure shows the linearly de-
creasing absolute burst rate with increasing load level of the cells, pointing to
the PedestrianA channel model as the best one among the channel models as it
should be. Marginal improvements only can be observed with 16 and 32 UEs per
cell.

Figure 35(a), Figure 35(b) and Figure 35(c) show the burst rate gains of HS-
SFN transmission for the enhanced type3 receiver with the PedestrianA, Pedes-
trianB and VehicularA channel models respectively. From these figures can be
seen that a bigger improvement for the enhanced type3 receiver can be observed
in low-load cell (1-4 UEs per cell), where it can provide 15 - 20% of additional
gain compared to the normal type3 receiver. Comparing the differences in re-
sults between the different ITU channel models, it can be noted that the smallest
gain provided results with PedestrianB. PedestrianA and VehicularA have pretty
much similar gains for the 1-8UEs per cell; however, for 32 UEs the results for
VehicularA show bigger gain than the results for PedestrianA. This can be ex-
plained by the very small absolute burst rate, as was explained in the previous
subsection.

4.2.3 HS-SFN with phase adjustment

This subsection presents the results for HS-SFN with phase adjustment, its com-
parison to HS-SFN without phase adjustment and to non-HS-SEN results. The
first set of the results was presented in the article [PZHT12]; however, the Vehic-
ularA channel model was not included there nor the results for 32UEs per cell.
In addition to the results with the type3 receiver that were presented in the arti-
cle, the results with the type3i receiver are also presented in this subsection. The
presentation of the earlier results was limited due to the article size restriction. In
this subsection, the results are presented as follows: first, the results for 1 and 8
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UEs per cell are presented as CDF of user burst rate; then the comparison of HS-
SFN with and without phase adjustment are presented as CDF with 1 UE per cell.
After that, an absolute burst rate comparison is shown, and the gain comparison
will finalize this subsection.

Figure 36(a), Figure 36(b) and Figure 36(c) present CDF curves for 1 UE per
cell with the type3 receiver for PedestrianA, PedestrianB and VehicularA, respec-
tively. Each figure consists of the reference and HS-SFN with phase adjustment
cases and shows the performance of the UEs in the softer handover area as well
as the performance of all UEs. It can be seen that HS-SFN with phase adjustment
can increase the performance of the softer handover UEs with a marginal varia-
tion of the performance for all UEs. However, it is worth mentioning that similar
increase of performance due to HS-SFN with phase adjustment can be observed
over all the percentiles of these CDF figures.

Figure 37(a), Figure 37(b) and Figure 37(c) show the CDF curves for 1 UE
per cell with the type3i receiver for PedestrianA, PedestrianB and VehicularA, re-
spectively. Roughly the same increase can be observed from HS-SFN with phase
adjustment for the UEs in the softer handover area.

Figure 38(a), Figure 38(b) and Figure 38(c) show CDF for 8 UE per cell with
the type3 receiver for PedestrianA, PedestrianB and VehicularA, respectively. The
performance of all UEs is similar, with and without HS-SFN. The UEs in the softer
handover area have a smaller benefit from HS-SFN compared to the 1UE per cell
simulation results, in the similar way as in the results presented in Subsections
4.2.1and 4.2.2. The same explanation can be applied for these results, that is, low-
load neighboring cells often do not have own users to schedule and allow those
cells to assist the serving cell. The results without phase adjustment for Pedes-
trianB and VehicularA sometimes were better than PedestrianA, but with phase
adjustment results for PedestrianA is the best one, because phase adjustment can
perform better for channels with smaller number of taps, with PedestrianA rather
than with PedestrianB or VehicularA. A better way of comparison will be given
later, however. The results for the type3i receiver are presented in Figure 39(a),
Figure 39(b) and Figure 39(c). The relation between the results for the type3 and
type3i receivers is similar for 1UE per cell.

Figure 40(a), Figure 40(b) and Figure 40(c) present CDF comparison of HS-
SFN with and without phase adjustment for the UEs in the softer handover area
with the type3 receiver and for the PedestrianA, PedestrianB and VehicularA
channel models, respectively. These figures show that the CDF curves for refer-
ence cases with and without phase adjustment overlap each other, which means
that this technique does not effect to non-HS-SFN UEs. It is logical because no
phase adjustment is possible in our model without HS-SFN, as we assume the
single transmitting antenna per Node B. When the CDF curves for HS-SFN with
and without phase adjustment are compared, it can be seen that phase adjust-
ment can almost double the HS-SFN performance in terms of user burst rate. The
biggest gain from phase adjustment can be reached with the PedestrianA chan-
nel. Figure 41(a), Figure 41(b) and Figure 41(c) show the same results, but for
the type3i receiver. A slightly smaller benefit from the usage of phase adjustment
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appears compared to the type3 receiver.

Figure 42(a), Figure 42(b) and Figure 42(c) show an absolute burst rate com-
parison of HS-SEN transmission with and without phase adjustment for the type3
receiver under the PedestrianA, PedestrianB and VehicularA channel models, re-
spectively, and Figure 43(a), Figure 43(b) and Figure 43(c) present the results for
the type3i receiver. These figures show the similar behaviour as in figures shown
in the previous subsections: i.e. there is the same dependence between differ-
ent ITU channel models as well as the dependence between the type3 and type3i
receivers. The results of increasing the burst rate for HS-SFN with phase adjust-
ment compared to HS-SFN without phase adjustment will be described together
with the gain consideration.

Figure 44(a), Figure 44(b) and Figure 44(c) show a burst rate gains compar-
ison of HS-SFN transmission with and without phase adjustment for the type3
receiver under the PedestrianA, PedestrianB and VehicularA channel models, re-
spectively. The biggest benefit from phase adjustment can be observed in the
low-load and average-load cells (1-8 UEs per cell). The gain may almost be dou-
ble compared to HS-SEN without phase adjustment. This can be easily explained
by the fact that, in HS-SFN without phase adjustment, combining two signals
can also be destructive. In this case, the scheduler will avoid this transmission.
HS-SEN with phase adjustment will always produce positive gain from combin-
ing two signals, which will increase the percentage of HS-SEN transmission and
therefore increase the gain from HS-SFN usage. It should be pointed out that the
biggest gain from phase adjustment can be achieved under the PedestrianA chan-
nel since it has the smallest number of taps. However, phase adjustment brings
additional gain also for other ITU channel models. With the increasing gain for
UEs in the softer handover area the performance of all UEs decreases a bit. This
can be explained by the fact that increasing HS-SFN transmission decreases the
possibility of assisting cells to transmit the data to their own UEs.

4.2.4 HS-SFN with enhanced type3 receiver and phase adjustment 3 sector

This subsection presents the results for HS-SFN with phase adjustment and the
enhanced type3 receiver and also a comparison of these results to HS-SFN with-
out phase adjustment with type3 receiver (or pure HS-SFN) and to non-HS-SFN
results. Similar results were presented in the article [Puc12]; however, other types
of schedulers were used there as well as a different traffic model. The highest load
in the article was 2Mbps with the NGMN traffic model, which can be converted to
10UEs per cell (taking into account the parameters of NGMN traffic model that
was used). In this study, simulation results were obtained for up to 32UEs per
cell. The structure of this subsection is similar to that of Subsection 4.2.1. First,
the results for 1 and 8 UEs per cell are presented as CDF of user burst rate, af-
ter which an absolute burst rate comparison of HS-SFN with additions over pure
HS-SEN and the reference cases are shown. Finally, the burst rate gain of HS-SEN
with phase adjustment and the enhanced type3 receiver over the reference case is
presented by figures.
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Figure 46(a), Figure 46(b) and Figure 46(c) present CDF curves for the user
burst rate of HS-SFN with the enhanced type3 receiver and phase adjustment
as well as for the reference case for 1UE per cell. As can be seen from these
tigures, HS-SFN can increase the performance of the all softer handover UEs,
i.e. the low burst rate UEs as well as the high burst rate UEs comprising the
whole percentile of CDF. The performance of the all UEs in the network also gets
a marginal improvement from the use of HS-SEN. The best performance can be
achieved with the PedestrianA channel model. However, the difference between
PedestrianB and VehicularA is marginal and cannot be seen properly from these
CDF figures. The precise comparison between these channel models can be done
from absolute burst rate or gain figures.

Figure 47(a), Figure 47(b) and Figure 47(c) show results similar to the previ-
ous figures but for 8UEs per cell. It can be seen from these figures that HS-SFN
has smaller benefit than shown by the results with 1UE per cell. The same de-
pendence can also be observed in the results of the previous subsections. The
reference case for all UEs exhibits a slightly better performance than the HS-SFN
results for all UES, however the difference is marginal.

Figure 48(a), Figure 48(b) and Figure 48(c) show an absolute burst rate com-
parison of HS-SFN transmission with phase adjustment and the enhanced type3
receiver, pure HS-SFN and the reference cases under the PedestrianA, Pedestri-
anB and VehicularA channel models, respectively. These figures present the re-
sults only for the UEs in the softer handover area since the difference for the all
UEs is marginal. It can be seen that phase adjustment and the enhanced type3
receiver can significantly increase the performance of HS-SFN, especially for the
low-load cells. For high-load cells the benefit of HS-SFN, phase adjustment and
the enhanced type3 receiver almost disappear. The same dependency as previ-
ously can be observed between different ITU channel models.

Figure 49 shows the results as burst rate gain of HS-SFN with phase ad-
justment and the enhanced type3 receiver over the reference case for the Pedes-
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trianA, PedestrianB and VehicularA channel models. As can be seen from the
figure, HS-SFN can have up to 62% gain for softer handover UEs with the Pedes-
trianA channel model and 1UE per cell. This figure also shows that HS-SFN can
perform better in a channel with smaller number of taps, i.e. PedestrianA; how-
ever, for other ITU channel models in low-load cells, HS-SEN can bring a 40-50%
gain with marginal performance increasing for the all UEs. With S8UEs per cell,
i.e. for average-load cells, HS-SFN can bring a gain of 27-45% for UEs in the softer
handover area under the different ITU channel models, with a marginal impact
for the performance of the all UEs. For the high-load cells, the gain from HS-SFN
for softer handover UEs is decreasing, and the impact on overall performance
becomes greater.

4.2.5 HS-SFN with enhanced type3 receiver and phase adjustment 6 sector

This subsection presents the results for HS-SFN with phase adjustment and the
enhanced type3 receiver and a comparison of these results to HS-SFN without
phase adjustment with the type3 receiver (or pure HS-SFN) as well as to non-HS-
SEN results for 6-sector site deployment. Similar results, but for 3-sector site are
presented in the previous subsection. The main reason of consideration 6-sector
site deployment with HS-SEN is that the number of HS-SEN UEs is increased
from 4% to 6% compared to the simulations with 3-sector sites. It should be men-
tioned that, 6-sector site will double the load level of the network since we model
certain number of UEs per cell. That is why these results show the network per-
formance of only up to 16 UEs per cell. Nevertheless, the structure of this sub-
section is the same as that of Subsection 4.2.4. First, the results for 1 and 8 UEs
per cell are presented as CDF of user burst rate. This is followed by an absolute
burst rate comparison of HS-SFN with additions over pure HS-SEN and the ref-
erence cases, and then the burst rate gain of HS-SFN with phase adjustment and
the enhanced type3 receiver over the reference case is presented.

Figure 50(a), Figure 50(b) and Figure 50(c) present CDF curves for the user
burst rate of HS-SFN with the enhanced type3 receiver and phase adjustment as
well as for the reference case for 1UE per cell under the PedestrianA, PedestrianB
and VehicularA channel models, respectively. As can be seen from these figures,
HS-SEN can increase the performance of UEs in the softer handover area over all
percentiles of the CDF curve. The performance of the all UEs in the network also
experiences marginal improvement from the usage of HS-SFN. The best perfor-
mance can be achieved with the PedestrianA channel model; however, it is hard
to see from these figures what the difference compared to the PedestrianB and
VehicularA ITU channel models is.
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FIGURE 50 CDF of HS-SEN with phase adjustment compared to non-HS-SEN opera-
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ment



88

0.8

0.6

CDF

- = =reference All UEs
- HS-SFN All UEs

0.2 - = =reference SofterHO UEs [
= HS-SFN SofterHO UEs
0 | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

User burst rate [Mbps]
(a) Pedestrian A

[T
a
(@]
- = = reference All UEs
——HS-SFN All UEs
= = = reference SofterHO UEs [
—— HS-SFN SofterHO UEs
0 L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20
User burst rate [Mbps]
(b) Pedestrian B
1 =
0.8r :
0.6r J
[T
[a)
(@]
041 - = =reference All UEs
——HS-SFN All UEs
0.21 = = =reference SofterHO UEs [
——HS-SFN SofterHO UEs
0 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

User burst rate [Mbps]
(c) Vehicular A

FIGURE 51 CDF of HS-SEN with phase adjustment compared to non-HS-SEN opera-
tion for enhanced type3 receiver with 8UE per cell and 6-sector site deploy-
ment
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FIGURE 52 Absolute burst rate of HS-SFN with phase adjustment for enhanced type3
receiver compare to pure HS-SFN and non-HS-SEN cases with PedestrianA

channel and 6-sector site deployment
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Figure 51 shows the results for 8UEs per cell. As can be seen from this figure,
compared to the results with 1UE per cell HS-SFN provides smaller improvement
for UEs in the softer handover area; however, this effect can also be observed in
the results of the previous subsections. There is almost no difference between the
reference and HS-SEN cases for the all UEs.

Figure 52(a), Figure 52(b) and Figure 52(c) show an absolute burst rate com-
parison of HS-SEN transmission with phase adjustment and the enhanced type3
receiver, pure HS-SFN and the reference cases under the PedestrianA, Pedestri-
anB and VehicularA channel models, respectively. These figures present the re-
sults not only for UEs in the softer handover area as previously, but also compare
the absolute burst rate for the all UEs. The results for the UEs in the softer han-
dover area are quite similar to the results with 3-sector site deployment. The
impact of HS-SEN for all UEs is marginal.
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FIGURE 53 Burst rate gain of HS-SFN with enhanced type3 receiver and phase adjust-
ment compared to non-HS-SEN operation with different ITU channels and
6-sector site deployment

Figure 53 shows the results for the burst rate gain of HS-SFN with phase ad-
justment and the enhanced type3 receiver over the reference case for the Pedes-
trianA, PedestrianB and VehicularA channel models. As can be seen from the
tigure, the HS-SFN can bring a gain of up to 57% for the softer handover UEs
with the PedestrianA channel model and 1-2 UEs per cell. It is slightly less than
in the corresponding results for a 3-sector site; however, the decrease in gain with
increasing cell loads occurs more linearly. The difference between the different
ITU channel models is also more straightforward compared to 3-sector site. Here
the logical dependence can be clearly seen. Of these three channel models, the
best gain from HS-SFN can be achieved with PedestrianA; the gain is slightly
worse with VehicularA; and it is the worst with PedestrianB. This can be easily
explained by the number of taps in each channel, and their effect on phase adjust-
ment. The marginal HS-SFN effect on the performance of all UEs for low-load
and average-load cells also can be observed from this figure as a small impact
with 16 UEs per cell.
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4.2.6 Summary

This subsection presents summary of all the results in tabular form. The Table 7
presents mean burst rate gains comparison of HS-SFN transmission with differ-
ent type of receivers and ITU channel model, phase adjustment and 3 and 6-sector
site deployment. In total seven different HS-SFN schemes are summarized:

— HS-SEN with type3 receiver;

— HS-SEN with type3i receiver;

— HS-SEN with enhanced type3 receiver;

— HS-SFN with type3 receiver and phase adjustment;

— HS-SEN with type3i receiver and phase adjustment;

— HS-SEN with enhanced type3 receiver and phase adjustment;

— HS-SEN with enhanced type3 receiver and phase adjustment for 6-sector
site deployment;

Comparing first two schemes, which represent pure HS-SFN with type3 and
type3i receiver, it can be seen from the Table 7, that the gain from HS-SEN is
quite similar for both types of receiver. Just to remind, that theoretically, HS-SFN
gain should be bigger with type3 receiver, because HS-SFN remove the 70% of the
interference from the second best interferer and type3i can already aware some
the interference. That is why expected gain from type3i receiver should be lower
than the gain with type3 receiver, however the absolute burst rate will be always
higher for type3i receiver. The similarity of these results can be explained by the
randomness in the simulation regarding the different UEs’ position and fast fad-
ing, notwithstanding the big numbers of the simulation run. One more thing,
that HS-SFN without phase adjustment might also decrease the signal strength
via combining two signals. Looking at the third scheme, that show HS-SEN gain
with enhanced type3 receiver, it can be seen that the gain from HS-SEN is bigger
compare to type3 and type3i receiver. This can be explained by the new structure
of the receiver, that can take into account combined data signals and separate
control signals. Fourth and fifth schemes show HS-SFN with phase adjustment
with type3 and type3i receivers. As can be seen from these schemes, the phase ad-
justment can almost double the gain from HS-SFN compared to HS-SFN without
phase adjustment. Furthermore, the gain difference between type3 and type3i
receiver looks as theoretically expected, i.e. the gain from HS-SEN is bigger with
type3 receiver than with type3i. Finally, sixth and seventh schemes show HS-
SEN with enhanced type3 receiver, phase adjustment and for 3 and 6-sector site
deployment. These schemes show similar HS-SFN gain, however the gain with 3-
sector site deployment is slightly better. It can be partly explained by increasing
the percentage of HS-SFN candidates under 6-sector site deployment, different
interference level (due to different antenna pattern and amount of sectors).
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TABLE 7 Mean burst rate gain of HS-SFEN compared to non-HS-SFN operation

HS-SEN | Number of SofterHO UEs All UEs

scheme | UEs percell | PedA | PedB | VehA | PedA | PedB | VehA
1 2152 | 241 | 2658 | 1.28 | -0.29 | -0.33

2 20.63 | 2344 | 194 | 0.67 | 021 | 037

S 4 20.30 | 16.76 | 22.69 | -0.34 | 0.66 0
§? 8 17.44 | 17.63 | 1853 | -2.87 | 1.04 | -1.81
16 1638 | 7.11 | 1525 | -3.75 | 0.62 | -6.24
32 501 | 7.35 | -6.16 | -2.43 | -2.48 | -6.57

1 241 | 2525 | 21.14 | 0.06 | 1.19 | 1.17

_ 2 22.69 | 20.66 | 2021 | -1.03 | -0.08 | 1.65
] 4 205 | 15.01 | 1698 | 0.04 | -02 | 0.04
= 8 2359 | 9.63 | 19.68 | -1.11 | -1.57 | -0.82
16 1056 | 1.86 | 3.76 | 0.77 | -1.58 | 0.16

32 3.04 |-11.27 | 495 | -7.89 | -8.67 | 3.1

3 1 40.02 | 34.08 | 386 | 1.78 | 1.56 | 1.12
éﬁ 2 389 | 2942 | 37.66 | 031 |-0.13 | 0.88

3 4 35.13 | 27.13 | 3148 | -0.07 | 1.54 | 1.44
g 8 2315 | 28.67 | 2801 | -322 | 0.1 | -2.58
£ 16 25.33 | 11.13 | 25.85 | -3.74 | -1.97 | -2.77
5 32 831 | 811 | 1851 | -3.66 | 0.1 | -8.73

g 1 4255 | 43.09 | 42.62 | 037 | 1.35 | 1.03
Y 2 4253 | 38.02 | 39.33 | 0.8 | 0.73 | 0.25
e 4 4331 | 3843 | 3442 | 1.1 | 044 | 1.37
~E 8 411 | 3112 | 3751 | 237 | 07 | 252
S g 16 236 | 9.46 | 2318 | -5.06 | -1.14 | -7.43

- 32 2126 | 7.83 [ 1758 | -463 | 68 | -8
9 1 3252 | 35.65 | 3438 | 0.7 | 1.17 | 1.34
@ 2 30.88 | 35.62 | 35.7 | -0.08 | 0.72 | 0.63
£ 4 31.7 | 29.48 | 3213 | 0.32 | 1.08 | 0.46
- 8 30.69 | 28.41 | 29.16 | -0.13 | 0.01 | -0.36
S g 16 18.88 | 20.63 | 83 | -453 | -3.97 | -4.45
&8 32 408 | 233 | 59 | -743 | -174 | 344
< % 1 62.23 [ 50.11 | 4998 | 0.8 | 1.91 | 1.52
;& 2 2 55.18 | 45.39 | 48.13 | 0.76 | 1.96 | 1.06
< 4 52559 | 413 | 3893 | -047 | 093 | 0.77
2 8 4539 | 29.13 | 374 | -1.05 | -1.3 | -3.08
£3x 16 26.01 | 10.87 [ 29.75 | -09 | -3.62 | 2.7
545 g 32 2196 | 545 | 1144 | -448 | -3.08 | -8.38
g 1 5497 | 47.99 | 52.72 | 2.63 | 1.96 | 2.23
- £E 2 5451 | 46.62 | 4957 | 1.52 | 1.05 | 0.5
g “Ex 4 48.03 | 42.16 | 438 | 0.68 | 036 | 0.61
R 8 40.6 | 30.07 [ 3399 | 0.6 | -0.1 | -1.38
EESRIN 16 1554 | 988 | 10 | -523 | -5.96 | -6.67




5 CONCLUSIONS AND FUTURE WORK

In this thesis, we have investigated one of the multipoint transmission schemes
for HSDPA, referred to as HS-SFN, which can increase the performance of UEs in
the softer handover area. In addition to the main research topic, this thesis also
shows how HS-SEN performance can be increased with a new receiver type, the
enhanced type3 receiver, and phase adjustment. The main results were obtained
with a system level simulator; however, additional verification of these features
as well as theoretical comparison with another multipoint transmission scheme,
Multiflow, was done via a pseudo-random set of scripts in Matlab. The gain from
pure HS-SFN, i.e. with the normal type3 receiver and without phase adjustment,
for UEs in the softer handover area can be up to 25%, when compared to the sim-
ulations without HS-SFN. By leveraging upon the enhanced type3 receiver and
phase adjustment, this gain can be increased further, with a marginal impact on
overall network performance. However, this kind of gain can be achieved only
for low-load cells. Gain degradation with the use of HS-SFN was observed with
increasing cell load levels and can be explained by the decreasing amount of HS-
SEN-scheduled TTIs. The amount of scheduled TTIs within HS-SEN is high for
low-load cells because neighboring cells often do not have own users to schedule
and a short-term load balancing effect, which can be observed there. For high-
load cells, the load balancing effect disappears. There is no direct comparison
between the type3 and type3i, however it is good to mention that type3i receiver
provides better results than type3, as it should be. In terms of absolute burst rate
type3i shows better results comparing to type3 receiver with or without HS-SEN.
However, the gain of HS-SFN compare to non-HS-SFN for type3i is smaller than
gain for type3 receiver. This can be explained by the fact that the gain from HS-
SEN comes not only from two signals combining, but also from removing 70%
of interference of the assisting cells. And since type3i can already be aware of
some interference from the few best-interfering cells, the gain from HS-SFN is
smaller. Enhanced type3 receiver was constructed, as can be seen from the name,
from type3 receiver. The main difference from type3 receiver is that the channel
from the own sector and from the second best interfering sector is assumed to be
known for the enhanced type3 receiver and it can restore the orthogonality for the
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combined signal (for data channel) and non-combined signal (for control chan-
nel). Type3i receiver can mitigate interference from several neighbouring cells,
however it does not know the combined HS-SFN data channel. The enhanced
type3i might be good topic for future research. As was seen from the results, the
best performance with HS-SFN can be achieved under the PedestrianA channel,
a bit lower under VehicularA, and the worst with PedestrianB. This can be ex-
plained by the number of taps for these channel models and by part of the gain
from HS-SEN coming from combining the signals over the air. Moreover, the per-
centage of the HS-SEN UEs, or UEs in the softer handover area, can increase up
to 6% with a 6-sector site deployment.

Although this thesis covers many issues regarding the multipoint transmis-
sion scheme for HSDPA and especially for HS-SEN, there are still a lot that has
been left out of this thesis’ scope and can be good subjects for further consid-
eration and research. One of the major issues would be to compare HS-SFN to
Multiflow on a system level because a theoretical comparison shows that HS-SFN
can perform better than Multiflow for low-SINR UEs. Another good topic for fu-
ture research is different softer handover thresholds. The impact of legacy UEs
for HS-SEN and imperfect channel estimation might also be good subjects for
further consideration. Since recent advances in HW computing allows to build
HSPA system modules that control more than 3 cells, HS-SFN can be considered
not only for softer handover, but also for areas between "sites" or soft handover
area. In addition, even though HSPA does not have X2 interface like LTE, there
can be the one (even proprietary) allowing for inter-site HS-SFN.
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YHTEENVETO (FINNISH SUMMARY)

Tama vaitoskirja, jonka nimi on Nopeat HSDPA-yksitaajuusverkot, tutkii HS-
SEFN-monipisteldhetystapaa HSDPA-verkoille, joka voi lisdta padtelaitteiden suo-
rituskykyd softer handover -alueella. Taman padaiheen lisdksi tdima vaitoskir-
ja osoittaa my0s, kuinka HS-SFN-ldhetystavan suorituskykyd voidaan parantaa
uudella vastaanotintyypilld, joka tunnetaan parannettuna 3-tyypin vastaanotti-
mena sekd vaihesdadolld. Paatulokset saatiin jarjestelmétason tietoliikennesimu-
laatioilla. Lisdvarmistuksia tuloksille saatiin ja teoreettinen vertailu Multiflow-
monipisteldhetystapaan tehtiin lisdksi matemaattisin keinoin Matlab-ympaéristossa.
Pelkdsta HS-SFN-tekniikasta saatava etu voi olla jopa 25% softer handover -alueella.
Suorituskykyéd voidaan kasvattaa edelleen kayttamalld parannettuja 3-tyypin vas-
taanottimia ja vaihesdddolld jopa 62% minimaalisin vaikutuksin muun verkon
suorituskykyyn. Tallaiset parannukset voidaan kuitenkin saavuttaa vain kevyes-
ti kuormitetuissa verkoissa. Kevyesti kuormitetuissa verkoissa naapurisolulla ei
ole usein omia paatelaitteita, jolloin se voi auttaa HS-SFN-ldhetyksessd palvele-
vaa solua. Raskaasti kuormitetuissa verkoissa naapurisoluilla ei ole paljon va-
paita resursseja, jolloin HS-SFN-tekniikasta saatu hyoty pienenee. Myos lisdanty-
vt hdiriot vahentdvat HS-SFN-tekniikan hyotyjd pienissda mddrin. Parantuneen
suorituskyvyn lisaksi HS-SFN-tekniikka tasoittaa solujen valisid kuormia, mutta
vain kevyesti kuormitetussa verkossa. Tuloksista ndhdéan, ettd suurin hyoty HS-
SEN-tekniikasta saadaan PedestrianA-kanavalla ja pienin PedestrianB-kanavalla,
VehicularA-kanavan sijoittuessa ndiden viliin. Tdma4 selittyy kanavamallien tap-
pien madrdlld, joka on pienin PedestrianA-kanavassa. Lisdksi kuuden sektorin
tukiasemilla softer handover -kdyttdjien lukumééra voi olla jopa 6% suurempi,
mutta HS-SFN-tekniikan hyodyt eivét silti ole paljoa kolmen sektorin tilannetta
suurempia.
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APPENDIX1 MATLAB SCRIPTS OVERVIEW

1.1 Introduction

The purpose of this Appendix is to explain the Matlab scripts that were used to
check the type 3, type 3i and enhanced type 3 receivers’ implementation for HS-
SEN in pseudo-random simulator. The following three scenarios are considered:
standalone (SA), HS-SFN and HS-SEN with phase adjustment (PA).

1.2 List of files

gen_script.m- the main script that calculates filter coefficients and SINR val-
ues for three types of receivers in three cases: SA, COMP and PA;

getSimulatorData.m — the function returns the data obtained from system
level simulations;

construct_H.m- the function constructs matrix H by concatenation of matri-
ces h (matrices with complex multipath components of the link between Node B
and rx-antennas of the UE);

getwtype3.m— the function calculates the weight for type 3 receiver;
getwtype3i.m- the function calculates the weight for type 3i receiver;

getwtype3enh.m — the function calculates the weight for enhanced type 3 re-
ceiver;

testSimulatorvsMatlab.m- the function compares the values of filter coef-
ficients calculated in Matlab and values obtained from a system level simulator;

getCoI_nonhssfn.m- the function calculates SINR for the SA case;
getCoI_hssfn.m- the function calculates SINR for HS-SFN and PA;

getColoredInterf.m— the function returns the value of colored interference
for SA and is used in SINR calculation;

getColoredInterf_hs.m- the function returns the value of colored interfer-
ence for HS-SFN and PA and is used in SINR calculation.
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1.3 The main script overview

All functions are called from this main script.
1.3.1 Auxiliary calculations

The first code block sets the display format for output, deletes the variables cre-
ated, clears the command window and closes all opened figures. Test mode set-
tings are used to indicate the cases for which filter coefficients and SINR values
should be calculated. Note that the SA case will be considered in any case. To
obtain results for other modes, the corresponding parameter must be changed to
1.

After that, the basic parameters for the following calculation are set up: re-
ceiver length (F), number of interfering base stations used to calculate the colored
noise (N_i), relative power values for data channel (P_HSPDSCH), CPICH chan-
nel (P_CPICH) and CPICH+other control channels (P_ctrl).

Then comes the data from system level simulations obtained using the func-
tion getUpriseData.m
The data which will be used in the following calculations consist of:

— 10 — white noise calculated when taken into account all interfering base sta-
tions except N_i base stations used for the calculation of colored noise,

— Ithermal — thermal noise,

— overallPgain — pathloss from the main base station to the UE,

— ha — matrix with complex multipath components of the link between the
main transmitting base station and rx-antennas of the UE,

— hi — matrix with complex multipath components of the link between inter-
fering Node B and rx-antennas of the UE,

— Pi — pathloss from base stations to the UE divided by pathloss from own
Node B.

ha and hi are N x L matrices where N is the number of Rx antennas and L is delay
spread. The number of interfering Node Bs and correspondingly the number of
matrices hi are equal to Ni_total.

The next code block checks the white noise term 10. Besides, NoAll (sum of
noise from all interfering base stations and thermal noise; used for the SA case)
and NoAll_hs (the same as NoAll but for the first interfering Node B there is
interference only from the control channel; used for H5-SEN and PA cases) are
calculated.
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After that, the matrix Hy is constructed as a result of concatenation of matrix
ho (see Appendix 1.5: construct_H.m). Similarly, matrices H; are constructed.
Also delay vector 6P and delay matrix § are calculated.

For HS-SFN and PA cases matrices H,,,pined Mmust be constructed. For the
HS-SEN case Hypineq is obtained as follows:

[L1Py,gs—ppscH
Heompinea = Ho + Hi LoPotsppocii’ (45)

Note that in these scripts Heoppines = He, Ho = Ha, Hy = Hi{l} and

Ny .
ToPore roecy = Pi{2} (Pyus—posch = Pous—posch = Pus—ppscn = P_HSPDSCH).

For the PA case four H,pineq matrices must be calculated:

[L1Py,Hs—pDscH
Heompineax = Ho + prH1 LoPotisppscis’ (46)

where p — the vector specifies the values of phase adjustment. It is determined as
i 170 1= —1%) (in Matlab scripts it is denoted as ph_adj).

P=1n i
Matrix Ct1 is a thermal noise matrix constructed with thermal noise values
(Ithermal) obtained from a system level simulator.

1.3.2 Receiver weight calculation

Next three code blocks implement the calculation of weights for different types of
receivers, such as type3, type3i and enhanced type3 receivers. In the SA case, for
the type 3 the covariance matrix takes into account interpath noise (matrix Hy is
used here), thermal noise and interference from all base stations. This covariance
matrix is calculated as follows:

1
C = HYHy + ——Cupite.ail- 47
7, type3 o 110 + LO PO white,all ( )

The receiver weight is calculated according to:

Wtype3 = C,,\ Hé{(SD/ (48)

rr,type3

where Jp is the delay vector obtained before (see section construct_H.m, de-
noted as da). For cases HS-SEN and PA, there are only two small differences: ma-
trix Heompined (for HS-SFN) or H ypined x (for PA) instead of Hy is used, and when
calculating the interference only control channel must be taken into account for
the first interfering Node B (the first term in the sum of interferences is multiplied
by P_ctrl).

For type 3i receiver the covariance matrix takes into account (aside from
interpath noise) noise from Npg inter (in these scripts denoted as Ni) strongest
paths calculated as colored noise (in these scripts denoted as Crr1):
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NBS,interj

Coolored3i = LiP;H'Hj, (49)
i=1

J

and noise from the remaining base stations calculated as white noise Cy, 417 —ex—col
(in these scripts denoted as Cwl). Thus, the covariance matrix is calculated as
follows:

1 1
Crr,type?)i = Héqu + mccolored + mcwh,ull—ex—col (50)

The filter coefficient is calculated according to

_ 1 H
Wtypesi = Crr,typeBiHO op. (51)

Similarly, for cases HS-SFN and PA matrix Heompined (OF Heompined ) instead
of Hy is used, and when calculating colored noise only the control channel must
be taken into account for the first interfering Node B.

For type 3, type 3i and enhanced type 3 receivers, interpath interference
takes into account the relative values of power for data P_ HSPDSCH and the
control P_ctrl channels. Depending on implementation, it may take into account
CPICH, or CPICH and other control channels of the neighboring cell. CPICH typ-
ically amounts to 10% of the total transmit power, and CPICH and other control
channels to 30%. For the SA case, there are no differences between the values of
receiver weight and enhanced receiver weight because there is no signal combin-
ing.

In the HS-SFN case due to signal combining, the weight of the enhanced
type 3 receiver is calculated as:

_ 1 H
Wtypesenh = Crr,typeSenthomhined‘st (52)

where

H H
Crr,type3enh = PHS—PDSCHHcombinedHcombined + PctrlHO HO + mcwhitaull,l‘ (53)
When calculating white noise Cypireq11,1, only the control channel must be
taken into account for the first interfering Node B (the first term in the sum of
white noises is multiplied by P_ctrl). In the PA case, Hoypined k are used instead
of Hompinea for filter coefficients calculation.

1.3.3 SINR calculation

For the SA case the SINR value is calculated as follows:
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C P wlHl é6p
== HS—PDSCH * ’ | (54)

T3 T3
Prs—ppscuw” Hi SHyw* + Peywom HYSH§w* + Lolored + 1op; Chermal

Here the receiver weight w is calculated first, then 6 — delay matrix, Cypermar
— thermal noise. I,,,04 is calculated as follows:

Ngsail 1.p.
Icolared Z ﬁwTH‘TH*W* (55)
= LoPy 777

For the HS-SFN and PA cases, the following expression can be used to obtain
SINR:

TT 2
C_ Pris—ppscH * [0 Hoypinead|
I PHS7PDSCHwTHg:)mb,'nedéH:omhinedW* + PctrleHgéHSW* + Icolored,c + Itheziggl)
where
L p Ngs a1l ‘p‘
Icolored,c = ctrlﬁwTHTH*W* + ]:22 LOPO THTH* * (57)
and
1
Ithermul = mcthermub (58)

In Matlab scripts Npgg 4y = NiTotal.
1.3.4 Results display

For every case (SA, HS-SFN and PA), three values of SINR are displayed. These
correspond to three different types of receivers: type 3, type 3i enhanced type 3.
For clarity, all nine SINR values can be displayed as bar diagrams.

Also, using function testSimulatorvsMatlab.m, values of different re-
ceiver weights can be compared to each other and with the one that was calcu-
lated in a system level simulator.

1.4 getUpriseData.m

This function returns the data obtained from a system level simulator. There are
no input arguments. The output arguments are:

— 10 — white noise calculated when interfering base stations are taken into
account. Excluded are N _i base stations used for the calculation of colored
noise,
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Ithermal — thermal noise,
overall Pgain — pathloss from the main Node B to the UE,

ha — matrix with complex multipath components of the link between the

main transmitting Node B and rx-antennas of the UE,

- W —filter coefficient value obtained in a system level simulator,

— hi — matrix with complex multipath components of the link between inter-
fering Node B and rx-antennas of the UE,

— Pi — pathloss from Node Bs to the UE divided by pathloss from own Node
B,

— Sum?2 — covariance matrix from the system level simulator,

— Inverse2 — inverse covariance matrix from the system level simulator,

— Product3 — receiver coefficient from the system level simulator.

1.5 construct H.m

This function constructs matrix H from matrix & with complex multipath compo-
nents. Also it constructs delay vector 6° and delay matrix 6.
Input arguments:

1. h —matrix with complex multipath components of the link between Node B
and rx-antennas of the UE,

2. F —receiver length,

3. mode —type of antenna used: mode = 1 for interleaved antennas and mode =
2 for stacked antennas.

Output arguments:

1. H -resulting matrix,
2. d - delay vector,
3. dh — delay matrix.

his an N x L matrix, where N is the number of Rx antennas and L is the delay
spread value. For interleaved antennas case, H is constructed as follows:

KT 0 ... 0

; 0o Wl ... 0
H = : : .. : ’ (59)

0 0 ... nT

For stacked antennas case, H is constructed as follows:

W o ... onl o ...0 ...Kn 0 ... 0
0 W ...0 0 nl ... 0 ... 0 Kl
H=1 . . . . . o . (60)

0 0 ...hl 0o 0o ...K ... 0 0 ... K
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where hy, hy, ..., h, are rows of the matrix /.

d is constructed as the (L 4+ F — 1) x 1 unit vector with unit at some position,
e.g. i1. In this case, delay matrix dh is the unit matrix with diagonal element (iy, i)
equal to zero.

1.6 getwtype3.m

This function calculates the weight of type 3 receiver according to (48).

Input arguments:

— Cw — white noise matrix,
- H - matrix constructed from a matrix with multipath components,
— d - the delay vector.

Output argument w is the value of the receiver weight.

1.7 getwtype3i.m

This function calculates the weight of type 3i receiver according to (51).
Input arguments:

— Crr — colored noise matrix,

— Cw — white noise matrix,

— H — matrix constructed from matrix with multipath components,
— d — delay vector.

Output argument w is the value of the receiver weight.

1.8 getwtype3enh.m

This function calculates the weight of enhanced type 3 receiver according to (52).

Input arguments:

P_data — relative power for data channel,
P_ctrl —relative power for control channel,
Cw — white noise matrix,

H — matrix constructed from a matrix with multipath components (equal to
Hj for the CA case and H_,,,pined for HS-SEN and PA cases),
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— HH - matrix constructed from a matrix with multipath components (for all
cases equal to Hp),
— d —delay vector.

Output argument w is the value of the receiver weight.

1.9 testSimulatorvsMatlab.m

The function compares values of filter coefficients calculated in Matlab and those
obtained from a system level simulator.

Function testSimulatorvsMatlab(w3, w3i, w3enh, wSimulator, figNo) Input argu-
ments:

— w3, w3i, w3enh — receiver weight values calculated in Matlab,
— wSimulator — receiver weight value obtained from a system level simulator,
— figNo —number of the figure where the image will be displayed.

No output arguments.

For comparing weight values the following value is calculated:

F
f= Z N (|w| — |[wUprise|),
k=1

where F — the receiver length, N — the number of Rx antennas and w is the re-
ceiver weight value calculated in Matlab (one of w3, w3i or w3enh). The value
f is displayed in the command window. Also real parts of all receiver weight
values are plotted at the figure with number figNo.

1.10 getCol_nonhssfn.m

The function calculates SINR for the SA case.
Input arguments:

— w —receiver weight value,

— H — matrix constructed from a matrix with multipath components of the
link between the main transmitting Node B and rx-antennas of the UE,

— Cw — thermal noise matrix,

— H_inter fs — matrix constructed from matrices with complex multipath com-
ponents of the link between interfering Node B and rx-antennas of the UE,

— Pj —pathloss from Node Bs to the UE divided by pathloss from own Node
B,

— d — delay vector,
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— dh — delay matrix,
— P_ctrl —relative power of control channel,
— P_data — relative power of data channel.

Output arguments:

C - signal power value,
I1 - interpath interference,
I2 — thermal interference,

— I3 — colored interference.

The SINR value is calculated according to (54). Colored interference is calculated
with the help of function getColoredInterf.m.

1.11 getCol_hssfn.m

The function calculates SINR for the HS-SFN and PA cases.
Input arguments:

— w —receiver weight value,

— H_C - matrix Heompined,

— H — matrix constructed from a matrix with multipath components of the
link between the main transmitting Node B and rx-antennas of the UE,

— Cw — thermal noise matrix,

— H_inter fs — matrix constructed from matrices with complex multipath com-
ponents of the link between interfering Node B and rx-antennas of the UE,

— Pj — pathloss from Node Bs to the UE divided by pathloss from own Node
B,

- d — delay vector,

— dh — delay matrix,

— P_ctrl - relative power of control channel,

— P_data — relative power of data channel,

Output arguments:

C - signal power value,

- I1 - interpath interference,
— I2 — thermal interference,
I3 — colored interference.

The SINR value is calculated according to (56). Colored interference is calculated
with the help of function getColoredInterf_c.m .
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1.12 getColoredInterf.m

The function returns the value of colored noise for the SA case.
Input arguments:

— w —receiver weight value,
— H_interfs — matrix constructed from matrices with complex multipath com-
ponents of the link between interfering Node B and rx-antennas of the UE,

— Pj — pathloss from Node Bs to the UE divided by pathloss from own Node
B.

The output argument is the value of colored noise in the SA case. Colored noise
is calculated according to (21).

1.13 getColoredInterf_c.m

The function returns the value of colored noise for the SA case.

Input arguments:

— w —receiver weight value,

— H_inter fs — matrix constructed from matrices with complex multipath com-
ponents of the link between interfering Node B and rx-antennas of the UE,

— Pj —pathloss from Node Bs to the UE divided by pathloss from own Node
B,

— P_ctrl —relative power of control channel.

The output argument is the value of colored noise in the HS-SFN and PA cases.
Colored noise is calculated according to (57).
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