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Abstract

In this dissertation, we focus on precoding techniques in time-division duplex code-

division multiple-access (TDD-CDMA) system that can be realized by exploiting channel

reciprocity. The study focuses on pre-rake and joint transmission (JT) techniques because

of their simple algorithms compared to other precoding techniques. First, we analyze the

impact of channel estimation error on the pre-rake technique, because the assumption of

perfect channel knowledge is not practical for real mobile communications. Second, we pro-

pose a modified JT technique to reduce peak-to-average power ratio (PAPR) that results in

a low cost mobile station and base station.

Chapter 1 presents an introduction of this thesis. First, we explain the background of

wireless communications. We then discuss requirements for wireless mobile communication

systems that include a low cost communications, a high spectral efficiency and a high data

rate communication, with large capacity and coverage. This study focuses on low cost

communications that can be realized by exploiting channel reciprocity feature in TDD-

CDMA system, using precoding techniques; pre-rake and JT. TDD-CDMA is introduced

with discussion of differences between TDD and frequency-division duplex (FDD), followed

by the description of the TDD-CDMA systems. We then introduce channel reciprocity

feature and precoding techniques that are the key technologies of this thesis. We finally

present the motivation of our study and overview of each chapter to clarify problems and

objectives of this study.

Chapter 2 presents our study on impact of channel estimation error in pre-rake TDD-
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CDMA system. We investigate the impact of channel estimation error by computer simula-

tion and numerical analysis. For comparison, we also present impact of channel estimation

error on rake system. The channel estimation error consists of both amplitude and phase

errors. The results show that the channel estimation error causes performance degrada-

tion, owing to large multiple-access interference caused by a high orthogonality loss among

spreading codes of different users.

Chapter 3 presents the proposed modified JT technique to provide a low PAPR in TDD-

CDMA system. The newly proposed JT technique selects a certain paths out of the total

paths that processed in JT technique. Our proposed JT technique performs a lower PAPR

than that in the conventional JT technique. To improve PAPR and BER performance, we

combine the proposed JT with clipping technique. The results show that the combination of

our proposed path selection technique with clipping technique provides a low PAPR without

severe bit-error-rate (BER) degradation.

This dissertation is finally concluded in Chapter 4.
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Chapter 1

Introduction

1.1 Recent Evolution of Wireless Mobile Communica-

tions

Nowadays, wireless communications have become increasingly important in our life, because

the application is not only limited to voice transmission, but also video streaming, mobile

internet and television broadcasting. The development of wireless communications gives big

impact in economic field, since it can produce lots of business chances.

The wireless communications for cellular system was firstly developed in 1983, where

the 1st generation (1G) system introduced analog communication with frequency-division

multiple-access (FDMA) technology. Although the analog communication worked well, they

had some drawbacks, and thus ideas to have digital communications systems were forming.

The digital communication was firstly introduced in 2nd generation (2G) system in the

beginning of 1990s. Figure 1.1 shows an evolution of wireless communications system from

2G to future 4th generation (4G) system. In 2G, global system for mobile (GSM), interim

standard 95 (IS-95), digital advanced mobile phone service (D-AMPS) and personal digital

cellular (PDC) were introduced. The GSM has been the most successful mobile cellular
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Figure 1.1: Evolution in Wireless Communications

system with users in more than 174 countries [1] [2] and in February 2004, more than one

billion users are connected. The first work of GSM started in 1984 and deployed in 1991

in Europe, operated in 900 MHz frequency band. The GSM was also deployed in North

America, operated in 1900 MHz frequency band. The 2G mobile systems have been focusing

on voice and a low data rate service up to 14.4 Kbps such as short message service introduced

in GSM.

The wireless communication systems are then developed with further enhancement in

3rd generation (3G) system with universal mobile telephone system (UMTS) standardized

by 3rd generation partnership project (3GPP), international mobile telecommunication 2000

(IMT-2000) and code-division multiple-access 2000 (CDMA 2000) system standardized by
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Figure 1.2: 3G and Beyond 3G by 3GPP

3GPP2. In 3G system, new applications that need high data rate such as video streaming

and mobile internet have been introduced. To support the new multimedia services, the

3G system deployed to support data rates up to 384 Kbps for mobile users and 2 Mbps for

fixed users. Since 2005, 3GPP introduces a new system long term evolution (LTE), which

is standardized to support higher data rate than that in 3G system. The LTE is also called

beyond 3G (B3G) system. The deployment of LTE started from 2010 and researches for

LTE-advanced for 4G system is becoming a new hot topic in recent years.

Figure 1.2 shows the standards in 3G and B3G systems deployed by 3GPP. The 3GPP

standardization is divided into two modes; Frequency-division duplex (FDD) and time-

division duplex (TDD). The evolution of FDD started from wideband CDMA (WCDMA)
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which has been used in Japan and Europe and then expanded to high speed downlink packet

access (HSDPA) and high speed uplink packet access (HUSPA) with 28 Mbps of downlink

(DL) data rate, following by high speed packet access (HSPA) evolution that can provide DL

data rate up to 28 Mbps. To provide a higher data rate, LTE and evolved HSPA that can

achieve 150 Mbps and 42 Mbps of DL data rate are then introduced. In LTE, orthogonal

frequency-division multiplexing (OFDM) is introduced instead of CDMA to achieve higher

data rate using a wider frequency band. On the other hand, the evolution of TDD started

from time-division synchronous CDMA (TD-SCDMA). The TD-SCDMA has been developed

by China communications standards association (CCSA) in China [3]. Also, it has been im-

plemented in China since 2008. Parallel with FDD evolution, the TDD is expanded to

HSDPA and HSUPA, known as time-division HSDPA (TD-HSDPA) or time-division CDMA

(TD-CDMA) and time-division HSUPA (TD-HSUPA), respectively. To provide a higher

data rate, time-division LTE (TD-LTE) and evolved TD-HSPA have been deployed. OFDM

is also introduced in TDD evolution to provide a higher data rate. From Fig. 1.2, we can

see that the FDD is evolved from WCDMA and TDD is evolved from TD-SCDMA. The

TD-SCDMA will be expanded to multicarrier TD-SCDMA and TDD based LTE-advanced

that might use OFDM in 4G system [4].

1.2 Requirements for Wireless Mobile Communications

As mentioned in section 1.1, the future mobile wireless communications are deployed with

various standards to fulfill users’ demands on mobile services. The most important point in

wireless communications is spectral efficiency because only limited data can be transmitted

to a certain number of users in a limited frequency bandwidth. In the future, different

operators will deploy more standards, and thus limiting an available frequency band. The

frequency band license is expensive and open frequency band should be avoided because of

security problems. The lack of available frequency band requires a high spectral efficiency to
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transmit the amount of data to the users within the limited bandwidth. Some technologies

such as frequency reuse technique have been researched to increase spectral efficiency.

However, because of the growth of cellular phone’s users and new applications such

as mobile internet, video streaming and television broadcasting, the requirement of future

wireless communications is not limited to high spectral efficiency but the following aspects

should also be considered:

1. Data rate

Nowadays many cellular applications are not only limited to voice transmission. Ap-

plications such as mobile internet, television broadcasting and video streaming are

becoming the main interest of cellular’s users. To support the applications, high data

rate is required particularly for downlink transmission. Even though, current 3G sys-

tem can support 2 Mbps for downlink transmission, higher data rates are expected for

B3G system up to 100 Mbps. Higher data rate will be expected for future 4G system.

2. Capacity

Capacity has been significantly improved after migration from 2G to 3G, where CDMA

is used instead of FDMA. In CDMA, because users are divided by code, lack of fre-

quency band can be solved. However, interferences between users caused by multipath

fading limits the network capacity. For CDMA system, multiuser detection is one of

the techniques to reduce the interference, which is also the key technology of this study.

3. Coverage

Since many operators with more transmission schemes will be used in future mobile

wireless communications, the lack of frequency band problem will occur. A low fre-

quency band that only requires low cost antenna technologies has been used and only

high frequency band will remain. The main problem of high frequency band usage is

a coverage problem, where coverage becomes smaller for higher frequency band. Com-

munication trend shows that migration from previous generation to current generation
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causes out of coverage area in coverage edge in previous generation wireless communi-

cations. Nowadays, relay communications are widely discussed to solve the coverage

problem.

4. Low cost communications

Nowadays, wireless communications focus on not only high data rate technologies,

but also technologies that can provide low error rate with low cost. Many companies

struggle to produce low cost mobile devices to dominate cellular phone market, while

operators struggle to have a low cost network and base station (BS) to provide low

cost services. To provide the low cost communications, following aspects should be

considered:

• Transmission power

An adequate transmission power is necessary to guarantee a high quality of service

(QoS) data transmission. However, the transmission power must be kept as low

as possible, owing to battery life problem. The transmission power is crucial

for both mobile station (MS) and BS. A high transmission power in BS causes

interferences to neighboring cells and limiting network capacity. The inadequate

high power transmission can cause a high peak-to-average power ratio (PAPR)

problem, which requires inefficient and expensive power amplifier in a transmitter

[5]. This increases cost of device which is undesirable for MS. BS also requires an

efficient power amplifier that can help operators to provide low cost services. The

PAPR reduction technique is one of the topics in this study and will be discussed

deeply later. Besides, radiation from the high transmit power can cause health

problems [6]. The electromagnetic radiation problem should be taken seriously

because nowadays the mobile users are limited to not only adults, but also kids.

• Complexity

The complexity of both transmitter and receiver is important since it determines
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power consumption, size and cost. To reach the required high data rate, 100 Mbps

in 4G system, future devices are expected to be built with many technologies,

which requiring unlimited electronic circuits. This leads to production of a high

cost devices. The simple device is mandatory for MS, and also important to

BS. The applied technologies also cause delay in signal processing. For future

mobile communication devices, an expected technology should not only focus on

providing a high data rate transmission with small error rate, but a simple and

low cost device [7]-[9]. Precoding technique is widely researched because of its

ability to provide a good performance without causing complexity in receiver.

In our study, we focus on two types of precoding techniques; pre-rake and joint

transmission (JT) Techniques.

1.3 CDMA

CDMA is a multiple access technique where different users share the same frequency band at

the same time. For more than a dozen years, the CDMA technology roadmap has provided

operators with technology-leading performance capabilities and a time-to-market advantage.

Thanks to CDMA’s forward-and-backward compatible technology upgrades within the 1.25

MHz CDMA radio channel, CDMA operators have benefited from the favorable economics of

an evolutionary in-band solution. As a result they have been able to deploy new technologies

and value-added services throughout their entire network much faster than their competitors.

The main technique of CDMA is spread spectrum technique, which use high rate signature

pulses to enhance bandwidth required for higher data rate.

CDMA has been a good interface to support a high data rate services in 3G system.

Though, since the CDMA performance is limited by multiple-access interference (MAI), it

is predicted that the CDMA system will not be able to maintain users’ growth in future

mobile communications. Here, OFDM has been developed to provide a high data rate and
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can support a network with a high number of users.

The next-generation of mobile communications systems based on CDMA and OFDM, as

well as broadcast technologies, will be key enablers of the transition to the next dimension of

wireless broadband capabilities and services. In particular, mobile broadband technologies

such as HSPA+, LTE, and Mobile WiMAX (802.16m) will support multi-megabit-per-second

data delivery to users, carrier-grade VoIP and other real-time and broadband intensive appli-

cations. The HSPA+ is based on CDMA system while Mobile WiMAX is based on OFDM

system. For LTE, both CDMA-based and OFDMA-based standards are developed. For spe-

cific bandwidth-intensive applications such as multicasting and broadcasting, OFDM-based

technologies such as digital video broadcasting-handheld (DVB-H), satellite-digital media

broadcasting (S-DMB) and terrestrial-digital media broadcasting (T-DBM) have been com-

mercialized since 2006.

For narrowband deployments (up to 5 MHz), CDMA technologies can achieve some

of the highest data throughputs possible, while OFDM technologies can offer a simpler

implementation within wider radio channels (more than 10 MHz). Here, the CDMA system

can provide a high spectral efficiency system compared to that in OFDM system. However,

the implementation of rake and joint detection (JD) cause complexity at receiver. Note that

the rake receiver and JD are required in CDMA to combat multipath fading and reduce

MAI. In this study, we perform a less complexity technology by focusing on pre-rake and

JT, where the rake and JD technique are moved to transmitter.

On the other hand, the CDMA system is better than OFDM system in providing a

lower PAPR. Note that a low PAPR allows an efficient and cheap power amplifier that is

implemented in transmitter side. However, the CDMA has a lower PAPR than that in

OFDM only for UL system. This is because, in UL, each user transmits only his data. In

DL, CDMA signals may exhibit a PAR problem similar to an OFDM system [11], where the

CDMA signals with 256 spreading factor resembles the PAPR of the OFDM signal with the

FFT length 256. In this study, we focus on reducing PAPR of CDMA system using CDMA
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specific technology, JT in chapter 2.

1.4 TDD

TDD systems have been attracted attention because their ability to provide a low cost and

simple devices. Most standards focused on small cell and low power use TDD systems. For

2G systems, digital european cordless telephone (DECT) in Europe and personal handy

phone System (PHS) in Japan use time-division multiple access (TDMA) [10]. For 3G

systems, TD-CDMA and TD-SCDMA have been standardized as a part of 3GPP project.

For the 4G systems, a combination of TDD with multicarrier CDMA is also predicted to

support a high data rate and low cost services [12].

1.4.1 TDD and FDD differences

The main difference is that a pair frequency bands is needed for uplink (UL) and downlink

(DL) transmission in FDD while UL and DL share the same frequency band in TDD system,

as shown in Fig. 1.3. This allows TDD to have asymmetric time slots for data transmission

between UL and DL. For example, 4 time slots are used for DL and 2 time slots are used

for UL in Fig. 1.3 (b). Since the TDD uses the same frequency for uplink and downlink,

the channel is reciprocal for the two links. The channel reciprocity feature can be used

to implement some crucial functions such as power control, signal pre-emphasis and signal

pre-shaping which can reduce complexity of the devices, resulting in less costly devices. A

low complexity can be also realized in TDD, because only one set of electronics functions

(oscillator and filter) is required at both MS and BS for both UL and DL.

The differences between FDD and TDD are solely physical layer manifestation, thus

invisible to higher layer. Thus, there are no operational differences between the two modes

in the system architecture. Table 1.1 shows TDD special features in LTE system. Note that

the differences between FDD and TDD are to support various UL/DL allocations in TDD
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Figure 1.3: TD-CDMA frame structure

time slot and provide coexistence with other TDD systems, i.e. China TD-SCDMA system.

1.4.2 TDD-CDMA: TD-CDMA and TD-SCDMA

For 3G mobile communication system, standardizations are majorly developed by two differ-

ent organizations; 3GPP and 3GPP2. The 3GPP has developed UMTS and IMT-2000, while

3GPP2 has developed CDMA2000. The UMTS system is then expanded in LTE and already

standardized. In LTE by 3GPP, both FDD and TDD modes have been standardized. The

TDD is standardized for CDMA systems and OFDM is standardized for OFDM systems.

The 3GPP TDD/ LTE TDD or time-division duplex CDMA (TDD-CDMA) has been

divided into two modes: TD-CDMA which is called HCR (high chip rate) CDMA and

TD-SCDMA which is called LCR (low chip rate) CDMA. The HCR mode utilizes 5 MHz

bandwidth while LCR utilizes 1.6 MHz bandwidth. Both TDD-CDMA standards are de-

scribed in [13] and in the corresponding standard 3GPP specification [14]. The TD-SCDMA

is also standardized by CWTS (Chinese wireless telecommunications standard) organization
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Table 1.1: TDD Special Features

Features TDD Implemetation

Frame structure A special sub-frame for switching from DL to UL and to provide
coexistence with TD-SCDMA

Random access Additional short random access format available in special sub-
frame, multiple random access channels in a sub-frame

Scheduling Multi-sub-frames scheduling for uplink
ACK/NACK Bundling of acknowledgements or multiple acknowledgements on

uplink control channel
HARQ process number Variable number of HARQ processes depending on the UL/DL

allocation

and has been implemented in China since 2008.

The key features from a physical layer point of view are given in Table 1.2 [13]. Spreading

codes using in both TD-CDMA and TD-SCDMA are constructed from user specific orthog-

onal variable spreading factor (OVSF) codes, complex channelization codes and cell-specific

scrambling multiplier (CSSM). A table in [15] lists 128 different scramble codes which con-

sist of 16 chips. This means that TD-CDMA has short codes for a spreading factor = 16

since the symbol length is equal to the spreading code periodicity. In this thesis, short codes

with spreading codes 16 is assumed for TD-SCDMA and spreading codes 64 is assumed for

TD-CDMA.

Table 1.2 also shows differences between TD-CDMA and TD-SCDMA. For TD-SCDMA

system, uplink and downlink are synchronized. Two time slots are used for the synchroniza-

tion. Uplink synchronization is achieved by transmission timing adjustment feedback from

BS to MS and by additional synchronization symbol in each time slot.

Frame and Slot Structure

For LTE system, there are two types of time slot frames; Type 1 is used for FDD system

and Type 2 for TDD system [4][16].
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Table 1.2: Physical layer parameters of TDD-CDMA systems

TD-CDMA TD-SCDMA

Chip rate 3.84 Mcps 1.28 Mcps
Carrier Spacing 5 MHz 1.6 MHz

Modulation QPSK, 16-QAM QPSK, 8-PSK, 16-QAM
Spreading code 0VSF + CCSM
Spreading factor 1, 2, 4, 8, 16, 32, 64
Pulse shaping Root raised cosine, r = 0.22
Interleaving 10, 20, 40, 80 ms

Coding Convolutional (rate = 1/2, 1/3), no coding
Radio frame length 10 ms

Time slots per radio frame 15 14 + 2 sync-frame
Slot length 2560 chips (667 µs) 864 chips (675 µs)

Figure 1.4 shows frame structure of Type 2 [17]. Each radio frame contains ten sub-frames

with length 1 ms each. Sub-frame 0 and 5 contain synchronization signal and broadcast

information necessary for the MS to perform synchronization and obtain system information

for downlink sub-frames. Sub-frame 1 is a special sub-frame that is also known as switching

point between downlink and uplink. The special sub-frame contains three fields; Downlink

pilot time slot (DwPTS), guard period (GP), and uplink pilot time slot (UpPTS). The GP

includes the sum of switching times from DL to UL and UL to DL. The switching from

UL and DL can be achieved by appropriate timing advance at MS. Two switching point

periodicities are supported for TDD-CDMA which are 5 ms and 10 ms. For 5 ms periodicity,

two switching points exist at sub-frame 1 and sub-frame 6. For the 10 ms periodicity,

switching point is only at sub-frame 1 and sub-frame 6 is a downlink sub-frame. Table 1.3

shows UL and DL configuration defined by 3GPP for TDD systems.

Figure 1.5 shows a frame structure of TD-CDMA system. Each radio frame has a duration

of 10 ms and is subdivided into 15 time slots (TS) of 2560×Tc duration each. A time slot

corresponds to 2560 chips. Note that one sub-frame in Fig. 1.4 contains 2 time slots of

Fig. 1.5. From 2560 chips, 2 ×1104 chips are assigned for data transmission, 256 chips for
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Figure 1.4: Frame structure for Type 2 of TD-CDMA system

Table 1.3: Uplink-Downlink allocation (DL: Downlink, UL: Uplink, S: Special)

UL/DL Period Sub-frame
Configuration (ms) 0 1 2 3 4 5 6 7 8 9

0 DL S UL UL UL DL S UL UL UL
1 5 DL S UL UL DL DL S UL UL DL
2 DL S UL DL DL DL S UL DL DL
3 DL S UL UL UL DL DL DL DL DL
4 10 DL S UL UL DL DL DL DL DL DL
5 DL S UL DL DL DL DL DL DL DL
6 5 DL S UL UL UL DL S UL UL DL
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Figure 1.5: TD-CDMA frame structure
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Figure 1.6: The structure of data time slot of TD-CDMA

midamble and 96 chips for GP, as shown in Fig. 1.6

Figure 1.7 shows frame structure of TD-SCDMA system. Each radio frame with 5ms

length contains ten time slots with 864×Tc; Seven time slots can be used for data transmission

while three time slots is used for switching from UL to DL and DL to UL. Similar with TD-

CDMA system the time slot for switching point contains three fields; DwPTS, GP, and

UpPTS. From 864 chips, 2×352 chips are assigned for data transmission, 144 chips for

midamble and 16 chips for GP, as shown in Fig. 1.8.

As discussed above, one of the TDD particular features is coexistence between different

TDD systems. Figure 1.10 shows switching point alignment between TD-CDMA and TD-

SCDMA system.
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Figure 1.8: The structure of data time slot of TD-SCDMA
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Figure 1.9: Frame structure with different UL/DL configuration, (a) symmetric (b)
asymmetric
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Figure 1.10: Coexistence between TD-CDMA and TD-SCDMA
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1.4.3 Channel Reciprocity

In TDD system, the same frequency is used in UL and DL. Thus, the channel condition of

UL and DL are same. This feature is called channel reciprocity that can be used to estimate

DL channel from received UL channel information. As shown in Fig. 1.8, each TDD-slot

contains midamble with pilot symbols for channel estimation. In the UL, the channel is

estimated using the pilot symbols for UL signal detection.

Mobile communication channels are characterized by multipath signal arrival and fading.

The received signal is the sum of many reflections of the transmitted signal from building,

cars, and the ground. Each received signal component has a different carrier phase shift,

signal strength and propagation delay. For transmitted signal s(t), the received signal r(t)
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can be defined as:

r(t) =
K∑

k=1

bks(t − δk)e
jθk + n(t), (1.1)

where bk is the signal gain factor, δk is the propagation delay, and θk is the carrier phase

shift for path k. The components in (1.1) are the same for UL and DL, except for noise part.

Since the TDD uses the same antennas for transmission and reception, the same number of

paths can be assumed in UL and DL. This results to the same fading characteristics between

UL and DL if the time offset between UL and DL is small.

Fig. 1.11 shows the shift in center frequency due to movement of MS and any possible

signal’s reflector. The Doppler shifts for UL and DL are identical for TDD communication

channel. Fig. 1.11 also shows an example of fading reciprocity with a moving reflector. The

fc represents DL carrier frequency and V1 represents the speed of moving reflector. The new

frequency fc1 between moving reflector and MS can be written as:

fc1 = fc +
(α2 − α1)V1fc

c
, (1.2)

where α1V1 is the component of reflector speed in the same direction of transmitted signal,

and α2V2 is the component of reflected direction. The received signal at the moving MS with

a carrier frequency fc2 can be written as

fc2 = fc1 +
α3V2

c
, (1.3)

where α3V2 is the speed component in the same direction as received signal. Using (1.2), fc2

can be rewritten as

fc2 = fc +
(α2 − α1)V1fc

c
+

α3V2fc

c
+

α3V2(α2 − α1)V1fc

c2
. (1.4)
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For UL transmission, the signal transmitted from MS has a Doppler shifted carrier fre-

quency, defined as:

fc3 = fc1 +
α3V2

c
. (1.5)

The reflected signal from moving reflector also has its own carrier frequency, f4, written

as

fc4 = fc3 +
(α2 − α1)V1fc3

c
. (1.6)

Using (1.5), (1.6) can be rewritten as

fc4 = fc +
(α2 − α1)V1fc

c
+

α3V2fc

c
+

α3V2(α2 − α1)V1fc

c2
. (1.7)

We can see that (1.4) is equal to (1.7), shows that the Doppler shift for UL and DL for TDD

system is equal. For the case of stationery reflector, both α1 and α2 are zero, which yields

fc2 = fc4 = fc +
α3V2fc

c
. (1.8)

However, the estimated channel is then used for DL communications, under assumption

that the time offset between UL and DL is sufficiently small. Therefore, it is desirable to

minimize the distance between UL channel estimation and DL channel estimation.

In TDD, UL and DL slots can be changed depending on requirements. This is important

in wireless communications because applications such as mobile TV and mobile internet

require more slots for DL transmission. However, if more time slots are assigned to the DL,

the time span between UL channel measurement and the end of DL transmission increases.

In this case, the estimated UL channel is inadequate for DL because of the time-varying

characteristic of the wireless channel.
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Table 1.4: Time estimation (Test) from UL channel estimation to the end of the DL
transmission

Standard Tslot(µs) βDL/UL Test(ms)

TDD-CDMA 667 1 1
TDD-CDMA 667 14 9.67
TD-SCDMA 675 6 4.39

Table 1.5: Doppler frequency, speed and coherence time for fc = 2 GHz

Speed km/h Doppler frequency fD,max (Hz) Tcoh (ms)

3 5.6 32
10 18.5 9.7
50 92.6 1.9
120 222.2 0.8

The time span between channel estimation in UL and DL transmission is defined as

Test = Tslot

(
1

2
+ βDL/UL

)
, (1.9)

where βDL/UL is the downlink-uplink ratio and Tslot is the slot duration. Figure 1.9 shows

TDD frames with different UL and DL configuration while Table 1.4 shows example of Test.

The coherence time indicates the time duration over which the channel impulse response

is essentially invariant. The time coherence is defined as [19]

Tcoh =
9

16πfD,max

=
9λ

16πv
(1.10)

where λ represents wave length and fD,max represents maximum Doppler frequency.

To find a suitability of using asymmetric TDD, i.e. βDL/UL > 1, we summarize the relation

between mobile speed and time coherence in Table 1.5. Note that the values in Table 1.5

are calculated for fc = 2 GHz. The wave length λ can be calculated using λ = c
fc

= 0.15
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cm with c represents the light speed. The maximum Doppler frequency can be defined as

fD,max = v
λ
. From Test in Table 1.4 and Tcoh in Table 1.5, we can conclude that a high βDL/UL

is suitable for pedestrian speed. For 50 km/h speed and above, only a symmetric DL/UL

traffic, i.e. βDL/UL = 1 can guarantee a reliable UL channel to be used for DL. For a high

speed case, the channel reciprocity can be used if an advanced channel prediction algorithms

is employed.

1.4.4 Precoding in TDD

Rake and Pre-rake

The rake receiver has been proposed to combat fading [18][19]. In rake combining process,

the received signal is firstly passed through the matched filter before processed in the rake

receiver.

The rake combining technique is a form of maximum ratio combining (MRC) method,

proposed to combat multipath fading. Figure 1.12 shows a rake combining receiver, derived

in [20]. The optimum weighing factor ak in Fig. 1.12 is derived to be proportional to the

individual path strengths bk; ak ∝ b∗k, where b∗k is the complex conjugate of the estimated

path strength. Symbol k represents number of paths with k = 1, ..., K. The paths of

the signals are summed with a uniform phase to maximize the summed signal power and

minimize the summed noise power. Figure 1.13 shows the time domain response of the

product of the channel impulse response and rake combiner. The desired output is at time

t = (K − 1)Tc, which is the main peak of Fig. 1.13 (c) and proportional to
∑K−1

k=0 akbk [20].

The rake combiner uses transversal filter and a channel estimator that requires significant

signal processing and power consumption which increases portable MS size.

In cellular mobile communications, it is desirable to reduce the complexity, size and cost

of MS as minimum as possible, and concentrate on all the complexities at the BS. These

can be achieved by using pre-rake combining method which was first proposed in [21]. The
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technique is based on precoding of the transmitted signal, using knowledge of the channel

estimation response before transmission. The block diagrams of the MS and BS of a pre-

rake system are shown in Fig. 1.14 and Fig. 1.15, respectively. We can see that in pre-rake

system, the rake combining is done in transmitter side of BS. Also, only one antenna is used

for transmission and reception at BS and MS. Thus, a low complexity device is allowed in

TDD system compared to that in FDD system.

In this technique, the transmitter (i.e. BS) needs to estimate the future channel impulse

response by using present channel impulse response measured from the received signal in

BS. Combining process and block diagram of rake and pre-rake are shown in Fig. 1.16 and

Fig. 1.17, respectively.

The conventional transmitted signal without pre-rake for user k with binary phase-shift

keying (BPSK) modulation is given by
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sk(t) =
√

2Pbk(t)ak(t)exp(jωt) (1.11)

where P is transmit power, ω is the carrier frequency, bk(t) is the data stream for user k

with ±1 value, consisting of a train of i.i.d. data bits with duration T which take the values

of ±1 with equal probability. The current bit is denoted by b0
k while next or previous bit is

denoted by adding or subtracting the superscript by one. ak(t) is the pseudo-random noise

(PN) code of user k with ±1 chip of duration Tc and code length N = T/Tc. The bit and

chip waveforms are rectangular. For the pre-rake system with perfect channel estimation,

the transmitted signal for BPSK modulation is given by
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sk(t) =

√
2P

Uk

L−1∑
l=0

βk,L−l−1bk[t − lTc]ak[t − lTc]

exp[jω(t − lTc) − jγk,L−l−1], (1.12)

where Uk is a normalizing factor to keep the instantaneous transmitted power constant, and

given by

Uk =
L−1∑
n=0

β2
k,n. (1.13)

Multiuser Detection and Multiuser Transmission

Even the multiuser detection is not the main topic in this thesis, it is closely related to the

main idea of this thesis, known as multiuser transmission. A several of multiuser detection

techniques have been proposed to reduce MAI [22]-[25].

The motivation of multiuser detection comes from inter-symbol interference (ISI) and

MAI existence in whitening matched filter [25]. The whitening matched filter (WMF) consists

of prewhitening filter and a matched filter, simply illustrated in Fig. 1.18. Assuming that

d is a data vector and A is a modulator matrix consisting channel impulse responses and

spreading sequences [25], the received signal e can be expressed as:

e = Ad. (1.14)

From (1.14), the detected data d̂ after WMF process can be written as:

d̂ = AHAd + AHn

= diag(AHA)d + diag(AHA)d + AHn (1.15)
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where the first term represents desired signal, second term represents ISI and MAI and third

term represents noise. The diag(X) represents the diagonal elements of the matrix X and

diag = X− diag(X) represents a matrix with zero diagonal elements containing all elements

except for the diagonal elements of X. The XH represents conjugate transpose of matrix

X. From (1.15), we can see that the estimated data that passed through the WMF consists

of ISI and MAI. That means that the WMF is only suitable for a case that ISI and MAI

component are negligible like a single user system and a system that having large spreading

factors, i.e. for a case that spreading factor is larger than the number of paths. Thus,

multiuser detectors have been studied to eliminate both ISI and MAI.

The following linear data detector techniques are the simplest technique of the multiuser

detection:

• Zero-Forcing Block Linear Equalizer

The zero forcing block linear equalizer (ZF-BLE) is the simplest multiuser detection

technique with a simple calculation. The ZF-BLE technique is also known as JD

technique, which is related to main topic of this study, JT.

Figure 1.19 shows a structure of ZF-BLE, consists of WMF, whitening filter and inter-

ference eliminator. The data detected after ZF-BLE can be written as:
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whitening

matched

filter

ISI and MAI

eliminator

e
d̂

whitening

filter

Figure 1.19: Structure of zero forcing block linear equalizer

d̂ = (AHA)−1AHe

= d + (AHA)−1AHn. (1.16)

The first term represents the desired detected data while the second term represents

the noise term. We can see that the ISI and MAI are perfectly eliminated when using

the ZF-BLE. The technique is stated as zero forcing since it totally eliminates the MAI

and ISI. Here, the ZF-BLE requires the nonsingular matrix (AHA), which sometimes

cannot be guaranteed. However, the ZF-BLE only provides a good performance under

small noise case. This can be seen in second terms of (1.16), where the noise cannot

be eliminated.

• Minimum Mean-Square-Error Block Linear Equalizer

The minimum mean-square-error block linear equalizer (MMSE-BLE) is an extension

of ZF-BLE, with additional function of Wiener estimator. The structure of MMSE-

BLE is shown in Fig. 1.20. The MMSE can reduce ZF-BLE performance degradation

for a large noise case. The estimated data of MMSE-ZFE can be written as:

d̂ = diagW0.d + diagW0.d

+(AHA + α.I)−1AHn, (1.17)
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ZF-BLE    
Wiener

es!mator    

e
d̂

Figure 1.20: Structure of minimum mean-square-error block linear equalizer

where W0 represents a Wiener estimator and α represents signal-to-noise power-ratio

(SNR). The I represents identity matrix with ones on the main diagonal and zeros

elsewhere. The first term is a desired symbol, the second term is MAI and ISI, and

the third term is noise. By the factor W0 the desired signal and the ISI, MAI, noise

are decorrelated. From (1.17), it can be seen that for α2 → 0 approaches ZFE-BLE

of (1.16) and α2 → ∞ approaches WMF of (1.15). Here, the α2 → 0 means that the

signal has a large noise and → ∞ means that the signal contains only small noise.

Multiuser transmission has the same concept with multiuser detection. In multiuser

transmission, the multiuser detection is moved from receiver to transmitter side. The mul-

tiuser transmission can be applied because for the system that has priori channel knowledge

in transmitter side. This can be done only in TDD system with channel reciprocity feature.

The zero forcing multiuser transmission has been proposed as transmitter precoding

in [26][27], where the transmitter structure is predefined by a linear symbol pre-distortion

followed by spreader without a pre-rake. In 3GPP standardization, the zero-forcing multiuser

transmission (ZF MuT) is known as in Joint Predistortion, published by Bosch [28]. The

ZF MuT is then discussed in detail using different name, JT which is inverse of multiuser

detection technique known as JD. The studies using JT are published in [29][30]. In this

study, we focus on JT technique, which is described in detail in chapter 3. We decided to

focus our study on JT because of the capability to reduce complexity of both receiver and

transmitter, since the implementation of the ZF-BLE does not require complicated function.
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Table 1.6: Difference between multiuser detection and multiuser transmission

Multiuser detection Multiuser transmission
Receiver processing Transmitter processing

Suitable link Uplink Downlink
Channel estimation Pilot symbol TDD channel reciprocity
Received sequence Known Unknown
Transmit sequence Unknown Known

Table 1.7: Detectors for multiuser detection and multiuser transmission

Detector Multiuser Detection Multiuser Transmission

Matched filter Rake Pre-rake
maximize SNR

Linear ZF Joint Detection Joint Transmission
Eliminate ISI and MAI

Linear MMSE Wiener filter Wiener filter
Minimize MSE

Table 1.6 summarizes the different between multiuser detection and multiuser transmis-

sion while Table 1.7 represents detectors in both multiuser detection and multiuser trans-

mission with their advantages. In this study, we focus on impact of channel estimation error

in pre-rake and PAPR reduction using JT technique.

Both pre-rake and JT, which originated from rake and JD, are the CDMA specific tech-

nologies. In our study, we only focus on TDD-CDMA system using TD-CDMA parameter

for pre-rake and TD-SCDMA for JT. For pre-rake we investigate impact of channel esti-

mation error while for JT, we investigate PAPR of JT-TDD-CDMA and propose a PAPR

reduction technique using JT. However, the pre-rake combination can be used in OFDM sys-

tem in each carrier, under assumption that the impulse responses of a channel are known at

transmitter side and constant during one OFDM packet for perfect channel estimation case.

The implementation of pre-rake can increase multipath diversity effect. On the other hand,

it had been proved that implementation of JT can reduce transmit power [31], as same as in
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CDMA system. The JT changes transmit power, thus affects PAPR of OFDM transmission.

In CDMA, JT can reduce PAPR in single path case, while multipath in JT can cause a high

PAPR. The JT can reduce PAPR of OFDM system since the OFDM system can mitigate

multipath channel by having a longer symbol period and using cyclic prefix function.

1.5 Motivation of This Study

It has been discussed in section 1.2 that the future wireless communication requires spectral

efficiency, a high data rate, a high capacity, coverage expansion and low cost communications.

It also has been discussed in section 1.1 that TDD system provides a high spectral efficiency

compared with FDD system, because the TDD only requires a frequency band for both

uplink and downlink transmission. The TDD system can also be considered as a high

spectral efficiency system, because it allows asymmetric transmission between uplink and

downlink. In future, data traffic growth is estimated owing to a new application, social

networking website such as twitter and face book. The usages of the social websites require

more downlink data transmission. This can be fulfilled by using TDD asymmetric feature.

Furthermore, the TDD system also has potential to provide a low cost device using its

main feature, channel reciprocity. The concept of channel reciprocity has been discussed in

section 1.4.3, where the estimated uplink channel can be used for downlink transmission for

a small time offset between uplink and downlink. The channel reciprocity allows adaptive

operation [13][32] which can reduce cost of devices.

Another technology that can be done by exploiting the channel reciprocity feature is

precoding technique, which has been discussed in section 1.4.4. In this study, we focus on

precoding techniques; pre-rake and JT owing to the following reasons:

• Capability to provide a low cost device.

• Provide interference cancellation without causing significant processing delay, i.e. sim-

ple algorithm.
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However, the pre-rake can provide a good BER as in rake only for perfect channel estimation

case. In practice, the channel measurements are corrupted owing to measurement errors and

the presence of interferences and noise.

On the other hand, it has been proved that the JT technique can mitigate interference

without causing complexity in BS for downlink system. However, the implementation of

JT causes complexity to small and low cost BS (e.g. relay station). In 4G system, it has

been predicted that a large number of relay stations will be implemented to combat coverage

problem. Thus, we propose a JT technique with low complexity feature. One of the methods

to reduce complexity is to use an efficient power amplifier, which requires a low PAPR. The

process of JT before transmission affects PAPR owing to the change of transmission signal

compared to the transmission signal in JD.

Regarding to the fact that the channel cannot be perfectly estimated and the fact that

it is important to reduce complexity in both MS and relay station, we focus our study in

following aspects

• Effect of channel estimation error in pre-rake system using numerical analysis.

• PAPR reduction using modified JT method with BER numerical analysis.

1.6 Organization and Overview of each Chapter

This thesis is divided into four chapters and summarized in Fig. 1.23.

Overview of chapter 2: This chapter discusses our performance analysis of pre-rake in

TDD-CDMA under imperfect channel estimation. The overview of chapter 2 is summarized

in Fig. 1.21. The background of the research is firstly discussed in section 2.1. The pre-rake is

proposed to mitigate multipath fading effects without causing complexity at MS by exploiting

TDD reciprocity feature. However, the estimated uplink channel cannot be used as a perfect

channel for a large time offset between UL and DL. This causes channel estimation error

which is not considered in most of the previous researches. We perform numerical analysis
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1. BER of rake and pre-rake in perfect 

channel es!ma!on 

2. BER performance of phase error  and 

amplitude error

3. BER of rake and pre-rake under 

perfect/imperfect channel es!ma!on

Rake receiver [1.3.4] to mi!gate 

mul!path fading effect 

Pre-rake by exploi!ng TDD 

channel reciprocity [1.3.4]

1. Numerical  analysis for pre-rake with perfect/imperfect channel es!ma!on [2.4, 2.5]

2. Numerical analysis rake with perfect/imperfect channel es!ma!on error [2.6,2.7] 

3. Computer simula!on for pre-rake and rake under perfect/imperfect channel 

es!ma!on [2.8]

Single user [2.8.1] Mul!user [2.8.2] 

TDD channel reciprocity [1.3.3]:

Es!mated UL channel can be used in DL

Channel es!ma!on error 

occurs for a large !me offset 

between UL and DL  [2.2, 2.3]

1. BER vs.  Doppler frequency

2. Rela!on between Doppler frequency 

and channel es!ma!on error

3. BER performance of phase error  and 

amplitude error

Complexity at MS for 

downlink communica!on

Problems: Most researches consider 

perfect channel es!ma!on, which is 

unrealis!c

Background [2.1]

Figure 1.21: Overview of chapter 2

of pre-rake TDD-CDMA under imperfect channel. The multipath channel model and the

channel estimation error model is shown in and section 2.3, respectively. We calculate the

probability of error for perfect channel and imperfect channel of pre-rake TDD-CDMA system

in section 2.4 and section 2.5, respectively. For the sake of comparison we also calculate the

probability of error of rake system under perfect channel estimation and imperfect channel

estimation in section 2.6 and section 2.7, respectively. Probability of error calculated in

sections 2.4-2.5 is compared with computer simulation results in section 2.8.Performance

comparison between rake and pre-rake under imperfect channel estimation is also presented

in section 2.8. Chapter 2 is concluded in section 2.9. We found that the imperfect channel

estimation error cause BER degradation in pre-rake system. We also found that the effect

of channel estimation error is larger in pre-rake than in rake system.
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Joint detec�on(JD)  [3.2] to

mi�gate interference 

Joint transmission  (JT) by exploi�ng 

TDD channel reciprocity [1.3.4]

PAPR  inves�ga�on of JT-TD-SCDMA [3.3.3]

Complexity at MS for 

downlink communica�on

Problems:  JT increases transmit power and 

affect PAPR

TDD channel reciprocity [1.3.3]:

Es�mated UL channel can be used in DL

High PAPR requires an 

efficient power amplifier 

[3.3]

PAPR inves�ga�on of

1. DS-CDMA: PAPR influenced by 

modula�on, spreading and orthogonal 

code dependency [3.3.1]

2. TD-SCDMA: PAPR reduc�on using 

modula�on and complex spreading  [3.3.2] 

Orthogonal code  causes 

a high PAPR  

Proposal :

Path selec�on, PS I and PS II [3.4] 

Single Path:  JT reduces orthogonality

among codes, thus reduces PAPR [3.6.1]

Mul�path: Mul�path varies transmit

power, thus increases PAPR [3.6.2]

Problems: Mul�path in JT-TD-SCDMA 

increases PAPR 

High cost transmi%er that 

undesirable for small BS 

PS II provides a be%er trade-off 

between PAPR and BER than that in PS I 

Combining  PS II with clipping

PS II & clipping provides a low 

PAPR without severe BER degrada�on

Figure 1.22: Overview of chapter 3

Overview of chapter 3: In chapter 3, our proposal of PAPR reduction technique in

JT TD-SCDMA is presented. The background of the research is firstly discussed in section

3.1. PAPR problem must be kept as low as possible to allow low cost power amplifier in

transmitter side. The PAPR problem should be considered in downlink transmission because

implementation of the small BS is predicted in the future. On the other hand, JT technique

is used to mitigate interference instead of JD, to avoid complexity at MS. The basic con-

cept and data detection method of conventional JD and JT are discussed in section 3.2.

Section 3.3 discusses PAPR concept with calculation and concept of PAPR for DS-CDMA,

TD-SCDMA and JT-TD-SCDMA are described in section 3.3.1, section 3.3.2 and section
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3.3.3, respectively. The PAPR of DS-CDMA is influenced by modulation techniques, spread-

ing techniques and orthogonal code dependency. For conventional TD-SCDMA, PAPR is

reduced using QPSK modulation and complex spreading. This means that the TD-SCDMA

still has a possibility to have a high PAPR owing to orthogonal code dependency. Section

3.3.3 describes PAPR of JT-TD-SCDMA system which is then divided into single path and

multipath, to clarify the different behavior of PAPR in single and multipath. Here, the

PAPR reduction for single path JT-TD-SCDMA is explained. Also, the reason of a high

PAPR in multipath JT-TD-SCDMA is also discussed. The proposed path selection tech-

niques to reduce PAPR in multipath JT-TD-SCDMA are discussed in section 3.4. The data

detection, SNR and probability analysis of the proposed techniques are presented in section

3.5. The PAPR evaluation and comparison between the numerical analysis and computer

simulation results of proposed techniques are presented in section 3.6. The proposed path

selection, PS II provides a good trade-off between PAPR and BER compared to that in PS

I. We then combine the proposed PS II and clipping technique. Chapter 3 is concluded in

section 3.7. From computer simulation we found that the combination of PS II and clipping

provides a low PAPR without a severe BER degradation.

This dissertation is finally concluded in chapter 4. The contributions of our studies

described in chapter 2 and chapter 3 are summarized in Table 1.8.
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Table 1.8: Contributions of This Study

Impact of Channel Estimation Error in Pre-rake TDD-CDMA [chapter 2]

Related previous studies Contribution of this study

• Performance analysis of pre-
rake in TDD-CDMA [21],[33].

• Problems and issues left in pre-
vious studies.

– The analysis considered
perfect channel estima-
tion, which is impossible
owing to present of inter-
ferences and noise.

• Analyzed performance of pre-rake in TDD-CDMA
under imperfect channel estimation and clarified
that:

– A high Doppler frequency increases channel
estimation errors, thus increases the BER
degradation of pre-rake system.

– pre-rake with imperfect channel does not im-
prove when number of path increases which
is contra to that in perfect channel estima-
tion.

– The effect of channel estimation error is
larger in pre-rake than that in rake.

PAPR Reduction using Joint Transmission Technique [chapter 3]

Related previous studies Contribution of this study

• JT is used instead of JD
to reduce interferences without
causing complexity at MS [29],
[30].

• Problems and issues left in pre-
vious studies

– JT changes transmit
power from that in JD,
affects PAPR.

– The implementation of JT
causes complexity at BS
which is not suitable for
small BS such as relay sta-
tion

• Investigated PAPR of JT and clarified that:

– Implementation of JT in single path channel
can reduce PAPR

– Multipath channel increases PAPR com-
pared to that in single path channel

• Proposed a technique that can reduce PAPR with
BER analysis

– Provides a low PAPR with BER degrada-
tion.

• Combined the proposed technique with clipping
technique

– Provides a low PAPR without severe BER
degradation.

• PAPR reduction by proposed technique allows
more efficient PA, which reduces complexity at
BS.
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Chapter 2

Channel Estimation Error in Pre-rake

TDD CDMA

This chapter performs impact of imperfect channel estimation on pre-rake TDD-CDMA

system. Background of this chapter is firstly introduced in section 2.1. Section 2.2 briefly

presents the multipath channel model used in this study. In section 2.3, the error model

used for realizing imperfect channel estimation is defined. Section 2.4 and section 2.5 present

performance analysis of pre-rake system for perfect channel estimation error and imperfect

channel estimation error, respectively. For comparison, performance analysis for rake system

under perfect channel estimation error is presented in section 2.6, followed by imperfect

channel estimation in section 2.7. The results of numerical analysis and computer simulations

are compared, and discussed in section 2.8. This chapter is finally concluded in section 2.9.

2.1 Background

Direct sequence code-division multiple access (DS-CDMA) was widely researched and used as

3G standards in WCDMA and IMT 2000. Most of the DS-CDMA mobile communications

systems use rake combining technique to improve the communication quality through its
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ability to achieve multipath diversity gain. However, rake receivers require significant signal

processing for setting the weighing factor and combination function. These cause complexity

and more power consumption that increase the cost of MS.

TDD-CDMA is increasingly becoming the focus of research for the fourth generation

mobile communications systems. In TDD, since the same frequency channel is used in both

uplink and downlink, the channel characteristics are highly correlated for the two links.

Pre-rake combining method firstly proposed in [21] to minimize complexity, size and cost

of MS and still preserves the diversity gain. In this technique, rake combining function is

performed before transmission in BS. As the channel characteristics are reciprocal for the

downlink and uplink in TDD, the channel state is available and can be used on pre-rake

combining. It has been proved that the pre-rake system performance is equal to that of

the rake system for single user system [21], and outperforms the rake system for multi-user

system [33].

As explained above, channel estimation is one of the most important aspects of pre-

rake combining technique. However, previous works have not taken into consideration the

effect of imperfect channel estimation, except for some preliminary results [36]. The effect of

imperfect channel estimation can be very important in the high rate transmission envisaged

for the fourth generation cellular mobile communication system. In this study, we extend

the study of pre-rake TDD CDMA in [33], and present a comprehensive investigation on

the effect of imperfect channel estimation on the pre-rake system performance. For this, we

evaluate the system performance through both numerical analysis and computer simulations.

2.2 Multipath Channel Model

In this study, we consider the simplified tapped delay line multipath channel model of [18].

The uplink channels are assumed to be statistically independent for all users. In addition,

with uplink power control, the uplink channels are assumed to be statistically identical, even



CHAPTER 2. CHANNEL ESTIMATION ERROR IN PRE-RAKE TDD CDMA 40

if MS is at different distance from the BS. The complex low-pass impulse response of the

channel user kth is given by

hk(t) =

(L−1)∑
l=0

gk,lδ(t − lTc), (2.1)

where L is the number of resolvable paths, gk,l = βk,le
jγk,l is the complex gain with amplitude

βk,l and phase γk,l of lth path of the kth user. The complex gains gk,l are independent

identically distributed (i.i.d.) Rayleigh random variables (r.v.’s) for all k and l, the angles

γk,l are i.i.d. uniformly distributed in [0,2π], and Tc is the chip duration of PN). Without

loss of generality we can take the normalization E[β2
k,l] = 1 under slow fading conditions.

Also, we assume that hk(t) does not change during two successive up and down time slots.

2.3 Error Model

As explained above, in TDD systems the channel is estimated by BS upon reception in

the uplink period, and this estimation is used for the pre-rake combining in the downlink.

However, the wireless channel is usually time-variant in mobile communication systems. In

other words, even if the ideal channel estimation can be performed in the reception, it is

unlikely that the channel impulse response will be exactly known before transmission. The

error in the channel estimation depends on how fast the channel changes and SNR level.

The channel changes can be measured by using Doppler spread of the channel, known as

Doppler frequency fd.

fd =
V

λc

, (2.2)

where V is the mobile velocity and λc is the carrier wavelength. The error in channel

estimation increases when the Doppler frequency fd increases.
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Signal with imperfect 
channel estimation

Signal with perfect 
channel estimation

For perfect amplitude 
estimation

Phase error

Figure 2.1: Error model in channel estimation

The error model in channel estimation is illustrated in Fig. 2.3. If error in channel

estimation is considered, (1.12) in section 1.4.4 will turn to be

sk(t) =

√
2P

Ũk

L−1∑
l=0

|β̃k,L−l−1|bk(t − τ̃k,L−1 + τ̃k,L−l−1)

.ak(t − τ̃k,L−1 + τ̃k,L−l−1)

.exp(jω(t − τ̃k,L−1 + τ̃k,L−l−1) − jγ̃k,L−l−1),

(2.3)

where τ̃k,l = lTc + X̃k,l. X̃k,l is the estimate of the error encountered during the estimation

of path number 1 for user number k. All X̃k,l are i.i.d. r.v’s. uniform in [−ρTc, ρTc], where

ρ ≤ 0.5, β̃k,l is the estimate of the complex Gaussian r.v’s. βk,le
jγk,l and is given by
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β̃k,l = |β̃k,l|ej ˜γk,l = |βk,l.λk,l|.e
˜jγk,l , (2.4)

where λ is treated as a real r.v’s, a log normal function [37] with a 0-dB mean and variable

variance σ2
λ, γ̃ = γ + δ, δk,l is treated as uniform in [−δ, δ] and represents the estimate of the

error encountered during the estimation of gain and phase of 1st path for kth. λ and δk,l are

assumed to be i.i.d. and Ũk =
∑L−1

i=0 |β̃k,i|2. In this study, we have not considered the effect

of error encountered during the path delay estimation {ρ = 0} as the effect is considered to

be small. Thus, (2.3) will turn to be

sk(t) =

√
2P

Ũk

L−1∑
l=0

|β̃k,L−l−1|bk(t − lTc)

ak(t − lT c)exp(jω(t − lTc) − jγ̃k,L−l−1).

(2.5)

2.4 Performance Analysis of Pre-rake with Perfect Chan-

nel Estimation

The conventional transmitted signal without pre-rake for user k with BPSK modulation is

given by

sk(t) =
√

2Pbk(t)ak(t)exp(jωt), (2.6)

where P is transmit power, ω is the carrier frequency, bk(t) is the data stream for user k

with ±1 value, consisting of a train of i.i.d. data bits with duration T, ak(t) is the PN code

of user k with ±1 chips of duration Tc and code length N = T/Tc. For the pre-rake system

(perfect channel estimation), the downlink transmitted signal will be
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sk(t) =

√
2P

Uk

L−1∑
l=0

βk,L−l−1bk[t − (τk,L−1 − τk,L−l−1)]ak[t − (τk,L−1 − τk,L−l−1)]

exp[jω(t − (τk,L−1 − τk,L−l−1)) − jγk,L−l−1]

=

√
2P

Uk

L−1∑
l=0

βk,L−l−1bk[t − lTc]ak[t − lTc]exp[jω(t − lTc) − jγk,L−l−1], (2.7)

where Uk is a normalizing factor to keep the instantaneous transmitted power constant, and

given by

Uk =
L−1∑
n=0

β2
k,n. (2.8)

Assuming a CDMA system with K users, the received signal at user i during downlink

time-slot is given by

ri(t) = n(t) + Re

K∑
k=1

L−1∑
j=0

βi,jsk(t − jTc)exp(jγi,j), (2.9)

where n(t) is the zero-mean additive white Gaussian noise (AWGN) with two-sided power

spectral density N0/2.

Without loss of generality, we assume that user 1 is the desired user. The output of

matched-filter of user 1 is given by

Z =

∫ (L−1)Tc+T

(L−1)Tc

r1(t)a1[t − (L − 1)Tc]

.cos[ωt − ωTc(L − 1)]dt

= D + S + A + η, (2.10)

where D is desired part for the current bit, S is self interference, A is multiple access

interference (MAI) and η is a zero mean Gaussian r.v. with variance NoT/4.
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By substituting k = 1 and l = L − 1 − j, we can write the desired part of r1(t) in (2.9)

as:

D =

√
P

2
bo
1T

√
U1. (2.11)

For interference, we employ the Gaussian approximation [38], which is well known in

providing good results for multiuser system and readily shown that they are independent

with zero mean. Hence, we only interested in their variances. The variances of S and A are

evaluated conditioned on β1,j.

2.4.1 Self Interference

Self interference exists even in a single-user system and is caused by multipath. From (2.10),

S is found by substituting k = 1 and j ̸= L − l − 1. For m = L − l − 1, S is given by

S =

√
P

2U1

L−1∑
j=0

L−1∑
m=0, ̸=j

β1,jβ1,mcos[ωTc(j − m) + γ1,m − γ1,j]

.

∫ T

0

b1[t − (j − m)Tc]a1[t − (j − m)Tc]a1(t)dt.

(2.12)

The following identity is used for summating (2.12):

L−1∑
j=0

L−1∑
m=0,̸=j

f(j,m) =
L−2∑
j=0

L−1∑
m=j+1

f(j,m) + f(m, j).

(2.13)

From [38], we have

∫ T

0

b1[t − τ ]a1[t − τ ]a1(t)dt = [b±k Rk,i + b0
kR̂k,i]

(2.14)
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where i represents desired user and k represents the remain users. Also we have

Rk,i(τ) =

∫ τ

0

ak(t − τ)ai(t − τ)dτ

= Ck,i(l − N)Tc + [Ck,i(l + 1 − N) − Ck,i(l − N)](τ − lTc), (2.15)

and

R̂k,i(τ) =

∫ τ

0

ak(t − τ)ai(t − τ)dτ

= Ck,i(l)Tc + [Ck,i(l + 1) − Ck,i(l)].(τ − lTc).

(2.16)

For synchronous downlink systems, the second term of (2.15) and (2.16)is going to be

zero. Therefore, we have

∫ T

0

b1[t − (j − m)Tc]a1[t − (j − m)Tc]a1(t)dt

=

 Tc[b
−1
k Ck,1(m − N) + b0

kCk,1(m)] m ≥ 0

Tc[b
0
kCk,1(m) + b1

kCk,1(N + m)] m < 0
(2.17)

where Ck(m) is the discrete a periodic cross correlation function defined in [38] and [33].

Substituting Ci,i by Ci(m) and using Ci(m) = Ci(−m) we get

S = Tc

√
P

2U1

L−2∑
j=0

L−1∑
j=m+1

β1,jβ1,mcos[ωTc(j − m) + γ1,m − γ1,j]

.[b−1
1 C1(N − m + j) + b1

1(N − m + j) + 2b0
1C1(m − j)]. (2.18)

Taking the second moment of S,
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E[S2|(βi,j), (βi,j)] =
PT 2

c

2U1

L−2∑
j=0

L−1∑
m=j+1

β2
1,jβ

2
1,m

[C2
1(N − m + j) + 2(C2

1(m − j)]

=
PT 2

c

2U1

[2Nχ − µ], (2.19)

where

χ =
L−2∑
j=0

L−1∑
m=j+1

β2
1,jβ

2
1,m

and

µ =
L−2∑
j=0

L−1∑
m=j+1

β2
1,jβ

2
1,m(m − j)

.

2.4.2 Multiple Access Interference

MAI part is a major difference between pre-rake and rake system. In the pre-rake, the signal

of each user is pre-raked according to its uplink channel impulse response. Hence, in the

downlink only the desired user’s signal is maximal ratio combined, while other users’ are

not. In the rake system, the desired and multiple-access signals are combined. Thus, the

effect of MAI is larger in rake system than that in pre-rake system. MAI can be found by

substituting k ̸= 1 in (2.10), and can be written as:

A =

√
P

2

K∑
k=2

L−1∑
j=0

L−1∑
m=0

β1,jβk,m√
Uk

cos[ωTc(j − m) + γk,m − γ1,j]∫ T

0

bk[t − (j − m)Tc]ak[t − (j − m)Tc]a1(t)dt.

(2.20)

For m = j, (2.20) can be written as

A|m=j = Tc

√
P

2

K∑
k=2

L−1∑
j=0

β1,jβk,j√
Uk

cos[γk,j − γ1,j]b
0
kC

0
k1. (2.21)
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For m ̸= j, (2.20) can be written as

A|m̸=j = Tc

√
P

2

K∑
k=2

L−2∑
j=0

L−1∑
m=j+1

1√
Uk

{β1,jβk,mcos[ωTc(j − m) + γk,m − γ1,j]

.[b0
kCk,1(j − m) + b1

kCk,1(N + j − m)] + β1,mβk,jcos[ωTc(m − j) + γk,j − γ1,m]

.[b−1
k Ck,1(m − j − N) + b0

kCk,1(m − j)]}.

(2.22)

Using (2.13) and(2.17), the second moment of A is given by

E[A2|{βi,j}), {βi,j}] =
PT 2

c

4
N

β2
k,j

Uk

K∑
k=2

{
L−1∑
j=0

β2
1,j +

L−2∑
j=0

L−1∑
m=j+1

[β2
1,j + β2

1,m],

(2.23)

where

E[
β2

k,j

Uk

] =
1

L

After some manipulations, (2.23) can be written as:

E[A2|{βi,j}), {βi,j}] =
U1PNT 2

c (K − 1)(L − 1 + W )

4L
,

(2.24)

where W is a pointer with W = 0 for orthogonal codes and W = 1 for unorthogonal codes.

2.4.3 Probability of Error

We can find that the probability of error is given by

P (e|{β1,n}) = 0.5erfc(
√

Y ), (2.25)
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where Y is the signal noise ratio(SNR), given by

Y = D2/2Var(Z), where Var(Z) is the variance of Z, and given by

Var(Z) = Var(A) + Var(S) + Var(η). (2.26)

After some manipulations, Y is found to be

Y =

[
L

γbU1

+
4χ

NU2
1

− 2µ

N2U2
1

+
(K − 1)(L − 1 + W )

NL

]−1

,

(2.27)

where γb = PTL/N0 is the average received signal to AWGN ratio. The probability density

function (pdf) is very difficult to obtain. Thus, the value of P (e) is evaluated by using Monte

Carlo simulation [39]. At each iteration L Rayleigh r.v.’s are computer generated, U1, χ, and

µ are evaluated and Y is found and substituted in (2.25). For each value, (2.25) is averaged

over a large number of iterations.

2.5 Performance Analysis of Pre-rake with Imperfect

Channel Estimation

In pre-rake system, considering imperfect channel estimation, instead of (2.7) the downlink

transmitted signal will turn to be

sk(t) =

√
2P

Ũk

RE{
L−1∑
l=0

β̃k,L−l−1bk(t − τ̃k,L−1 + τ̃k,L−l−1)

ak(t − τ̃k,L−1 + τ̃k,L−l−1)exp(jω(t − τ̃k,L−1 + τ̃k,L−l−1))}, (2.28)

where τk,l = lTc, τ̃k,l = τk,l + X̃k,l. X̃k,l is the estimate of the error encountered during the

estimation of 1st path for kth. All X̃k,l are i.i.d, r.v., uniform in [−ρTc, ρTc], where ρ ≤ 0.5,

β̃k,l is the estimate of the complex Gaussian r.v. βk,le
jγk,l and is given by
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β̃k,l = |β̃k,l|e ˜γk,l = |βk,l.λ|.e ˜γk,l , (2.29)

where λ is treated as a complex Gaussian r.v., a log normal function with a 0-dB mean and

variable variance σ2
λ, δk,l is treated as uniform in [−δTc, δTc] and represents the estimate of

the error encountered during the estimation of gain and phase of 1st path for kth user. λ and

δk,l are assumed to be i.i.d. and Ũk =
∑L−1

i=0 |β̃k,i|2 . In this study, we have not considered

the effect of error encountered during the path delay estimation {ρ = 0} as the effect is not

too much. Thus, (2.28) will turn to be

sk(t) =

√
2P

Ũk

L−1∑
l=0

RE{β̃k,L−l−1bk(t − lTc)ak(t − lT c)exp(jω(t − lTc) − γ̃k,L−l−1)}.

(2.30)

Substituting (2.30) into (2.9), output of the MF can be divided into desired part and

interferences part as in (2.10). Desired part is given by k = 1, l = L − 1 − j parts of r1(t)

in (2.10), and can be written as

D =

√
P

2Ũ1

bo
1T Λ̃, (2.31)

where Λ̃ =
∑L−1

j=0 β1,j|β̃1,j|cos(δ)−ρ
∑L−2

j=0 β1,j|β̃1,j|cos(δ). We note that in the case of perfect

channel estimation, ρ = 0 and σ2
ϵ = 0. Again, we have to note that ρ is assumed to be 0 in

this study as considering that the effect of the error during path delay estimation is not too

much and can be neglected. From (2.31), it can be seen that the desired part decreases due

to channel estimation error.

2.5.1 Self Interference

From (2.10), S is found by substituting k = 1 and l ̸= L − 1 − j. Substituting m = L−1−j,

S is given by
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S = Tc

√
P

2Ũ1

L−2∑
j=0

L−1∑
j=m+1

β1,j|β̃1,m|cos[ωTc(j − m) + γ̃1,m − γ1,j]

.[b−1
1 C1(N − m + j) + b1

1(N − m + j) + 2b0
1C1(m − j)]. (2.32)

The second moment of S is given by

E[S2|(β1,j), (β̃1,j)] =
PT 2

c

2Ũ1

L−2∑
j=0

L−1∑
m=j+1

β2
1,j|β̃2

1,m|[C2
1(N − m + j) + 2(C2

1(m − j)]

=
PT 2

c

2Ũ1

[2Nχ̃ − µ̃], (2.33)

where

χ̃ =
L−2∑
j=0

L−1∑
m=j+1

β2
1,j|β̃2

1,m|,

and

µ̃ =
L−2∑
j=0

L−1∑
m=j+1

β2
1,j|β̃2

1,m|(m − j),

.

2.5.2 Multiple Access Interference

MAI for imperfect channel estimation can be found by substituting {k ̸= 1} in (2.10), and

can be written as

A =

√
P

2

K∑
k=2

L−1∑
j=0

L−1∑
m=0

β1,j|β̃k,m|√
Ũk

cos[ωTc(j − m) + γ̃k,m − γ1,j]∫ T

0

bk[t − (j − m)Tc]ak[t − (j − m)Tc]a1(t)dt.

(2.34)

After some manipulations as analysis of pre-rake with perfect channel estimation, the

second moment of A is found to be
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E[A2|{β1,j}), {β̃1,j}] =
Ũ1PNT 2

c (K − 1)(L − 1 + W )

4L
,

(2.35)

where W is a pointer with W = 0 for orthogonal codes and W = 1 for unorthogonal codes.

It is clear that when orthogonal code is used as a spreading sequence {W = 0}, the MAI

part increases due to the increase of the paths.

2.5.3 Probability of Error

The value of Y in (2.25) is given by

Yim =

[
LŨ1

γ̃bΛ̃2
+

4χ̃

N Λ̃2
− 2µ̃

N2Λ̃2
+

Ũ2
1 (K − 1)(L − 1 + W )

NLΛ̃2

]−1

,

(2.36)

where γ̃b = PTL/N0 is the average received signal to AWGN ratio for imperfect channel

estimation. Again, the Monte Carlo simulation is used to evaluate Λ̃, χ̃ and µ̃. At each

iteration, L Rayleigh r.v.’s for β1,j, L Rayleigh r.v.’s for β̃1,j, L uniform distributed r.v.’s for

δ1,j are computer generated, Ũ1 are evaluated, then Y is found and substituted in (2.25).

For each value, (2.25) is averaged over a large number of iterations. From (2.36), it is clear

that the channel estimation error decreases the desired part and increases the interference

parts.

2.6 Performance Analysis of Rake System with Perfect

Channel Estimation

For the sake of comparison, we also evaluate the bit-error-rate (BER) performance of rake

receiver here by using the same assumptions as in pre-rake, written in section 2.4. We
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assumed that the rake receiver is equipped with L rake fingers, each tuned to one of the

channel paths. Each finger gets self interference and multiple access interference. Without

pre-rake, the transmitted signal substituted in (2.9) (the received signal at user 1) is given

by (2.6) instead of (2.7). Thus, with MRC the output of MF is given by

Z =
L−1∑
n=0

β1,n

∫ nTc+T

nTc

r1(t)a1[t − nTc]cos[ωt − ωnTc + γn]dt

= D + S + A + η, (2.37)

where η is a zero mean Gaussian r.v. with variance N0TU1/4 [18], D is desired user, S is

self interference and A is multiple access interference. D is found by substitute k = 1 and

j = n in r(t). Thus, D is given by

D =

√
P

2
bo
1TU1. (2.38)

2.6.1 Interference Parts

Self interference S is found by substitute k = 1 and n ̸= j and given by

S = Tc

√
P

2

L−2∑
j=0

L−1∑
j=n+1

β1,jβ1,ncos[ωTc(j − n) + γ1,n − γ1,j]

.[b−1
1 C1(N − n + j) + b1

1(N − n + j) + 2b0
1C1(n − j)], (2.39)

From (2.12) and (2.39), we can see that the self interference parts of pre-rake and rake

is similar except for U1 in pre-rake. The second moment of S is given by

E[S2|(βi,j), (βi,j)] =
PT 2

c

2

L−2∑
j=0

L−1∑
n=j+1

β2
1,jβ

2
1,n

[C2
1 (N − n + j) + 2(C2

1(n − j)]

=
PT 2

c

2
[2Nχ − µ], (2.40)
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where χ and µ is given in analysis of pre-rake with perfect channel estimation in section 2.4.

For MAI, it has been proved that MAI of rake receiver is higher than that in the pre-rake

system. In the pre-rake system, the signal of each user is pre-raked according to its channel

impulse response. Thus, only the desired signal is combined in MS. While in the rake system,

the desired and the MAI are combined. The MAI of rake system is given by

A =

√
P

2

K∑
k=2

L−1∑
n=0

L−1∑
j=0

β1,nβ1,jcos[ωTc(j − n) + γ1,n − γ1,j]∫ T

0

bk[t − (j − n)Tc]ak[t − (j − n)Tc]a1(t)dt.

(2.41)

After some manipulations, the second moment of A is given by

E[A2|{βi,j}), {βi,j}] =
PNT 2

c (K − 1)(WU1
2 + χ)

2
, (2.42)

where W is a pointer for spreading codes as explained before.

Then, we substitute variance of A, S and η into Y in (2.25).

Y =

[
L

γbU1

+
4χ

NU2
1

− 2µ

N2U2
1

+
2(K − 1)(WU1

2 + χ)

NU1
2

]−1

(2.43)

where γb = PTL/N0 is the average received SNR for rake system with perfect channel

estimation.
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2.7 Performance of Rake System with Imperfect Chan-

nel Estimation

Again, for the sake of comparison we also evaluate the performance of rake system with

imperfect channel estimation by using the same assumption as that in pre-rake. The output

of the rake receiver of user 1 for imperfect channel estimation is given by

Z =
L−1∑
n=0

β̃1,n

∫ nTc+T

nTc

r1(t)a1[t − nTc]cos[ωt − ωnTc + γ̃n]dt

= D + S + A + η, (2.44)

where η is a zero mean Gaussian r.v. with variance N0T Ũ1/4. By substituting k = 1 and

n = j, the desired part D is given by

D =

√
P

2
bo
1T Λ̃, (2.45)

where Λ̃ =
∑L−1

j=0 β1,jβ̃1,jcos(δ) − ρ
∑L−1

j=0 β1,jβ̃1,jcos(δ). We note that in the case of perfect

channel estimation, ρ = 0 and σ2
ϵ = 0. Again, as we do not consider the error during the

path delay estimation, ρ is going to be zero.

2.7.1 Interference Parts

By substituting k = 1 and j ̸= n, self interference S for imperfect channel estimation case is

given by

S = Tc

√
P

2

L−2∑
j=0

L−1∑
j=n+1

β1,jβ̃1,ncos[ωTc(j − n) + γ̃1,n − γ1,j]

.[b−1
1 C1(N − n + j) + b1

1(N − n + j) + 2b0
1C1(n − j)]. (2.46)

After some manipulations, the second moment of S is given by
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E[S2|(βi,j), (β̃i,j)] =
PT 2

c

2

L−2∑
j=0

L−1∑
n=j+1

β2
1,jβ̃

2
1,n[C2

1(N − n + j) + 2(C2
1(n − j)]

=
PT 2

c

2
[2Nχ̃ − µ̃], (2.47)

where χ̃ and µ̃ are given in analysis of pre-rake with imperfect channel estimation in section

2.5. We can see that from (2.47), as in the case of perfect channel estimation , the self

interference part of rake with imperfect channel estimation is similar to that in pre-rake

with imperfect channel estimation error except for Ũ1.

The MAI of rake system considering imperfect channel estimation is given by

A =

√
P

2

K∑
k=2

L−1∑
n=0

L−1∑
j=0

β̃1,nβ1,j

cos[ωTc(j − n) + γ̃1,n − γ1,j]∫ T

0

bk[t − (j − n)Tc]ak[t − (j − n)Tc]a1(t)dt.

(2.48)

After some manipulations, the second moment of A is given by

E[A2|{βi,j}), {β̃i,j}] =
PNT 2

c (K − 1)(WŨ2
1 + χ̃)

2

(2.49)

where W is a pointer for spreading codes as explained before.

Then, we substitute variance of A, S and η into Y in (2.25), and calculate a new Yim

under imperfect channel estimation as

Yim =

[
LŨ1

γ̃bΛ̃2
+

4χ̃

N Λ̃2
− 2µ

N2Λ̃2
+

2(K − 1)(WŨ2
1 + χ̃)

N Λ̃2

]−1

.

(2.50)



CHAPTER 2. CHANNEL ESTIMATION ERROR IN PRE-RAKE TDD CDMA 56

where γ̃b = PTL/N0 is the average received SNR for rake system with imperfect channel

estimation.

2.8 Numerical Result and Discussion

Probability of errors, P (e) are evaluated both for single-user system and multi-user system.

For numerical analysis, we evaluate BER by using Monte Carlo simulation [39] as the pdf

of the r.v.’s U1, Ũ1, Λ, χ, χ̃, µ are very difficult to obtain. At each iteration, L Rayleigh r.v.’s

for {β1,j}, L Rayleigh r.v.’s for {β̃1,j}, L uniform distributed r.v.’s for {δ1,j} are computer

generated. Then, U1, Ũ1, Λ, χ, χ̃, µ, µ̃ are evaluated , then Y is found and substituted in

(2.25). For each value, P (e) is averaged over a sufficiently large number of iterations.

For computer simulation, the parameters in Table 2.1 are used. In this study, channel

estimation error effect was simulated with different value of Doppler frequency (5, 50, 100

Hz). Then, the effect of the error is theoretically analyzed. Since it is difficult to generate the

error in the theoretical analysis, we first compared simulation results with analysis results

for single-user system to find the relation between error (phase and amplitude) and Doppler

frequency value. Then, the value of phase error and amplitude error for each Doppler

frequency value are used in analysis performance for multi-user system. The relation between

Doppler frequency with phase error and amplitude error is shown in Table 2.2.

2.8.1 Single-user System

It has been proved that pre-rake performs similar BER performance to that in rake system

when perfect channel estimation and single-user cases are considered [21]. Thus, for single-

user case, we only evaluate the effect of channel estimation error in pre-rake system in this

study.

In Fig. 2.2, the BER performance of pre-rake system with different Doppler frequency is

presented. We can see that the error of channel estimation increases as the Doppler frequency
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Figure 2.2: BER vs. Eb/No in pre-rake system performance with different Doppler frequency

Eb/N0 =  8 dB

Eb/N0 = 12 dB

Eb/N0 = 16 dB

Figure 2.3: BER vs. amplitude error in channel estimation for single-user case
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Table 2.1: Parameter

Bit Rate 512000 [bit/sec]
Spreading code 16

Modulation BPSK
Doppler frequency 5, 50, 100 Hz
Number of paths 2, 4

Packet length 100 [bit/packet]
Power delay profile Exponential decay profile

Frame length 10ms
Number of slots 15
Time slot length 0.667 ms

Table 2.2: Relation between Doppler frequency and error

Doppler Freq. [Hz] Amp Error [dB] Phase Error [degree]
5 0.3 5
50 1.0 10
100 3.0 25

increases, as the correlation between the fading values of consecutive slots decrease due to

time-variant channel in mobile communication systems. Also, we can see that the simulation

results match numerical analysis results.

Figure 2.3 and Fig. 2.4 show the effect of amplitude and phase error encountered during

channel estimation in single-user pre-rake system. We can see that the performance dras-

tically degrades at large Eb/N0 ( 16 dB ) due to increased noise. The large noise breaks

channel reciprocity, where the estimated UL channel condition varies, and not valid to be

used in DL. Note that, the channel reciprocity of UL and DL can be used for a low noise

case only, as described in section 1.4.3.

In Fig. 2.5 the relation between BER and the number of paths, for the two cases, perfect

and imperfect channel estimation is presented. From Fig. 2.5 we note that for the perfect

channel estimation, the performance of single-user pre-rake system improves as the number

of paths increases due to the diversity effect. For pre-rake with imperfect channel estimation
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Eb/N0 =  8 dB

Eb/N0 = 12 dB

Eb/N0 = 16 dB

Phase error :

Figure 2.4: BER vs. phase error in channel estimation for single-user case

system, the BER performance does not improve due to decreasing power level of desired

signal part shown in (2.31), which increases self-interference.

2.8.2 Multi-user System

A TDD CDMA system with 20 users and code length N = 64 is considered in multi-user

case. The results of multi-user system are shown in Figs. 2.6 - 2.11. Figure 2.6 shows the

BER performance of pre-rake and rake system with perfect channel estimation. Clearly,

when random codes are used, the pre-rake system greatly outperforms the rake system since

the latter enhances the interference parts as well. When orthogonal codes are used, the BER

performance improves for both systems compared to that in random codes. However, when

orthogonal code is used, the rake system performing better than rake system due to high

orthogonality loss in pre-rake system.
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pre-rake (perfect)

pre-rake (imperfect)

Eb/N0 = 12 dB, 16 chips, orthogonal codes,  

amplitude error = 3 dB, phase error = 25  , 
Doppler frequency = 100 Hz

Number of paths

Figure 2.5: BER vs. number of paths

Fig. 2.7 and Fig. 2.8 show the effect of amplitude and phase error during the channel

estimation in multi-user system. We can see that when orthogonal codes are used, the effect

of amplitude error is larger in pre-rake system than that in rake system. From Fig. 2.8, it can

be seen that the effect of phase error (more than 50 degree) is significant when orthogonal

sequences are used as spreading sequence in both rake and pre-rake systems. This is because,

high orthogonality loss occurs due to increased phase error.

Fig.2.9 shows the performance of rake and pre-rake systems with orthogonal codes as

the spreading sequence under perfect and imperfect channel estimation. Again, we can see

that the effect of channel estimation error in pre-rake multi-user system is larger than that in

rake multi-user system due to increased interference parts. In pre-rake combining as shown

in Fig. 2.10, the desired signal and interference signals (MAI) are multiplied with their

own channel. Hence, only the desired signal is affected by channel estimation error, which

increases orthogonality loss. In rake combining, both desired signal and interference signals
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rake (orthogonal code)

pre-rake (orthogonal code)

rake (random code)

pre-rake (random code)

B
E

R

Figure 2.6: BER vs. Eb/No performance for perfect channel estimation system for multi-user
system
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rake (orthogonal code)

pre-rake (orthogonal code)

rake (random code)

pre-rake (random code)

Eb/N0 = 12 dB, 4 paths, 20 users

Amplitude error:

Figure 2.7: BER vs. amplitude error for multi-user system

are multiplied with the same channel. Thus, both are affected by channel estimation error.

This phenomenon causes performance degradation in pre-rake combining larger than in rake

combining.

Figure 2.11 shows the BER performance of pre-rake and rake systems under perfect and

imperfect channel estimation with increased number of paths. We can see that in pre-rake

with perfect channel estimation, as the number of paths increases the performance improves

at first, then it starts to degrade due to increased interference from large number of paths of

all users. For pre-rake with imperfect channel estimation, it can be seen that the diversity

gain cannot be achieved at all as the error increases MAI and self-interference. Also, we can

see that the channel estimation error degrades BER performance of pre-rake than that in

rake system when orthogonal codes are used.
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Eb/N0 = 12 dB, 4 paths, 20 users

rake (orthogonal code)

pre-rake (orthogonal 

code)
rake (random code)

pre-rake (random code)

Phase error :

Figure 2.8: BER vs. phase error for multi-user system

2.9 Conclusion

Most of previous works of pre-rake TDD CDMA have not taken into consideration the

effect of imperfect channel estimation. In this study, the performance of pre-rake TDD

CDMA under imperfect channel estimation has been evaluated. It has been confirmed that

the errors in channel estimation drastically degrade the system performance particularly in

multi-user system. Thus, the error in channel estimation should not be neglected in pre-rake

performance evaluation.

However, many researches related to pre-rake such as combination between pre-rake

and rake in [34], combination of pre-rake and JT in [35], only considered perfect channel

estimation. Most of the techniques provide improvement in BER performance that might

be inaccurate when imperfect channel estimation is considered. These researches should be

investigated under imperfect channel estimation to provide more accurate results.
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Eb/N0 = 12 dB, 64 chips, orthogonal codes,  

amplitude error = 3 dB, phase error = 25  , 
Doppler frequency = 100 Hz, 4 paths, 20 users

pre-rake (perfect)

pre-rake (imperfect)

rake (perfect)

rake (imperfect)

Eb/N0 [dB]

Figure 2.9: BER vs. Eb/No for multi-user system
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Figure 2.10: The effect of channel estimation error in pre-rake and rake combining process
for multi-user system
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Figure 2.11: BER vs. number of paths for multi-user system
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Chapter 3

PAPR Reduction using Joint

Transmission Technique

This chapter performs proposal of PAPR reduction technique using modified JT in TDD-

CDMA system. Background of this chapter is firstly introduced in section 3.1. Section 3.2

discusses conventional JT and JD techniques. In section 3.3, PAPR about CDMA, DS-

CDMA and TD-SCDMA is discussed. Discussion for PAPR of JT-TD-SCDMA in section

3.3.3 is divided into two subsection; single path and multipath because of their different

behavior, where multipath causes a high PAPR in JT-TD-SCDMA. The proposal to reduce

PAPR for the multipath JT-TD-SCDMA is described in section 3.4. The, we present SNR

and BER evaluation for proposed techniques in section 3.5. The results of numerical analysis

and computer simulations are compared, and discussed in section 3.6. This chapter is finally

concluded in section 3.7.

3.1 Background

TDD-CDMA is based on time slotted CDMA, where UL and DL are divided by time. TD-

SCDMA, one of the TDD interfaces, has been selected by 3GPP for 3G mobile radio systems
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[14][40] and used as Chinese 3G interface since 2008. In current TD-SCDMA, JD has been

used to reduce ISI and MAI. In JD, MS needs a channel estimator to estimate channel

impulse responses (CIRs) used for the process. This causes complexity in MS due to the

significant calculation overhead imposed by JD processing. The complexity in MS can be

avoided by using TDD channel state feature. In TDD, as UL and DL are divided by time,

where channel condition does not vary too much, CIRs estimated in UL can be used in DL.

Note that it is under assumption that the time offset between UL and DL is sufficiently

small. Using this feature, JT has been proposed in [29][30] to reduce ISI and MAI without

causing complexity at MS. The concept of JT is all of the JD functions in MS are moved to

BS and done before transmission. Only a simple filter is needed at MS for data detection.

On the other hand, PAPR is an important factor in realizing a low cost communication

system. Higher PAPR will require an expensive power amplifier with a good linearity char-

acteristic. A lot of PAPR studies of CDMA system concentrate on UL system to realize

low cost of MS [41][42]. However, in the future network such as IMT-advanced, a small BS

known as relay station (RS) may be implemented [12]. Thus, it is also important to have

a small PAPR for DL transmitter at RS. The implementations of JT causes large transmit

signal power compared to that of conventional JD in [29]. This phenomenon may affect

PAPR. As CIRs are used before transmission in JT, multipath condition might also affect

the transmitted signal, and PAPR performance.

In this study, we investigate PAPR of JT-TD-SCDMA system for both a single and mul-

tipath conditions. We further propose a new approach of JT technique that maintains low

PAPR of the TD-SCDMA system. The new technique is done by selecting certain paths

instead of all the paths in CIRs for JT processing. The path selection is done using two

different methods; one by taking certain paths from all the paths and the other by taking

paths having path gains above a certain threshold value. We also combine the proposed

path selection technique with clipping, a common PAPR reduction technique. We evaluate

PAPR and BER of conventional JT and all the proposed techniques by computer simulation.
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We show that the proposed path selection techniques perform lower PAPR and better BER

performance than those in the conventional JT processing. We also show that the combi-

nation of path selection technique and clipping performs low PAPR performance without

severe BER degradation compared to those in the clipping technique.

In this study, simulation parameters are based on current TD-SCDMA system. The

equivalent low pass representation of signals and channel transfer functions are chosen. Com-

plex quantities are underlined, and vectors and matrices are shown in boldface. The element

in the ith row and jth column of a matrix is denoted by [.]i,j. The symbol (.)T and (.)∗T

designate transposition and conjugate transposition, respectively.

3.2 Joint Detection vs. Joint Transmission

Joint Detection

JD which is also known as multiuser detection is widely investigated owing to its ability to

eliminate both ISI and MAI. To present JD technique using equations, we use Fig. 3.1 to

show discrete-time baseband model of a block transmission CDMA system.

A system with K users access the same channel at the same time and frequency band

with linear data modulation is considered. Each user transmits a data symbol sequence

d(k) = (d
(k)
1 , d

(k)
2 , ..., d

(k)
N ), k = 1...K, (3.1)

consisting of N elements at symbol interval Ts. The N values should not be the same

for all users K because each users might consumes different data rates. Each data symbls

d
(k)
n , n = 1...N of user k is reapeated Q times. This requires Q-dimensional vector of the

sinature sequence that needed for spreading process, defined as follows:

c(k) = (c
(k)
1 , c

(k)
2 , ..., cQS(k)), k = 1...K, (3.2)
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Figure 3.1: Discrete-time baseband model of a block transmission CDMA system

where Q is a number of chip or spreading factor at chip interval Tc = Ts/Q. Here, each K

channels is characterized by its impulse response defined in W length of vector

h(k) = (h
(k)
1 , h

(k)
2 , ..., h

(k)
W ), k = 1...K, (3.3)

where W represents the number of paths at chip interval Tc.

The combined channel impulse response with spreading sequences is defined as

b(k) = (b
(k)
1 , b

(k)
2 , ..., b

(k)
Q+W−1) = c(k) ∗ h(k), k = 1...K, (3.4)

The received sequence e is obtained at the chip rate. It is a sum of K sequences, each of

length N.Q + W − 1, that are supposed to arrive synchronously, with an additive stationary

noise sequence

n = (n1, n2, ..., nN.Q+W−1), (3.5)
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with zero mean and covariance matrix R = E(n.nH) [43].

The received sequence e can be written as

e = (e1, e2, ..., eN.Q+W−1) = Ad + n, (3.6)

where vector d consists of a total transmitted data for K users defined as

d = (d(1) . . .d(K)) = (d1....dKN) (3.7)

and A represents a system matrix fro JD defined as

A = (Ai,j); i = 1...N.Q + W − 1, j = 1...K.N, (3.8)

AQ(n−1)+l,n+N(k−1) =


b
(k)
l , for k = 1 . . . K, n = 1 . . . N,

l = 1 . . . Q + W − 1

0, else

. (3.9)

The received data e has to be processed in a detector to obtain decisions on the transmit-

ted data symbols sequences d(k), k = 1...K. Using Zero forcing (ZF) block linear equalizer,

the detected data can be shown as [25]

d̂ = (A.AH)−1AHe. (3.10)

Substuting (3.6) into (3.10), the detected data d̂ is only consists of desired data d and

noise n. This means by applying ZF JD, the MAI and ISI can be perfectly eliminated.

However, theperformance of ZF JD degrades when a large noise exists.

In JD, the data detection from K users is done in receiver, which cause complexity and

delay at receiver. This is undesirable for downlink transmission because low cost MS must

be realized for future wireless communication s system.
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Joint Transmission

In JT, all of the process in JD is moved to the transmitter. The MAI and ISI elimination is

done in transmitter before transmission. This can realize a low cost MS for downlink system,

where all the JD function in MS is moved to the BS.

The transmit signal of a single-input single-output (SISO) antenna can be defined as

ŝ = (s
(k)
1 .....sQ.N)T . (3.11)

of length QN .

With the channel impulse responses h(k) defined as (3.3) in previous subsection, the

[QN + W − 1] × [QN ] matrices

H(k) = (H
(k)
i,j ), i = 1, . . . , QN + W − 1

j = 1, . . . , QN, k = 1, . . . , K. (3.12)

H
(k)
i,j =

 h
(k)
i−j+1, for 1 ≤ i − j + 1 ≤ W

0, else
. (3.13)

The CIRs matrices H in (3.12) for all users can be stacked as K[QN + W − 1] × [QN ]

matrix as

H = (H(1)T

...H(K)T

)T . (3.14)

Using transmitted signal s in (3.11), the received signal of length QN + W − 1 at k user

can be defined as

e(k) = H(k)s. (3.15)
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The total reiceived signal of K users can be stacked into K(QN + W − 1) vector as

e = (e(1)T

. . . e(K)T

)T . (3.16)

The received signal e corresponds to the reception of one TDMA burst. By using (3.14) and

(3.11), the total recieved signal of (3.16) can be written as

e = Hs. (3.17)

Note that the correlation between channel duration is sufficiently large than TDMA burst

duration, which should be considered when designing a system.

To show data detecion process, we perform transmitted signal using transmitted data in

(3.1) as follow:

s = Md, (3.18)

where M is a modulator matrix and has to be known at transmitter to perform modulation.

Note that the JT process and calculation is done in the matrix M, which is described latter.

To perform data detection in MS, a matrix D(k) with [KN ] × [QN + W − 1] size is

multiplied with the partial received signal e(k). The matrix D(k) consits of spreading se-

quences. The matrix D(k) is assumed to be known in both BS and MS. The desired data

after detection process can be defined as:

d̂
(k)

= D(k)e(k). (3.19)

The detected data must consist of desired data without MAI and ISI as same as JD to avoid

performance degradation because of the change. Substituting (3.18) into (3.19),the detected

data can be written as
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d̂
(k)

= D(k)H(k)s. (3.20)

Here the partial detector matrix D(k) can be stacked into a total detector matrix with

[KN ] × [K(QN + W − 1)] size as

D = blockdiag[D(1) . . .D(K)], (3.21)

where blockdiag(A) represents block diagonal matrix for matrix A, defined as

A =


A1 0 . . . 0

0 A2 . . . 0
...

...
. . .

...

0 0 . . . An

,

(3.22)

where An is a square matrix, with [n] × [n] size.

Following shows matrix D for K = 2, Q = 4, N = 3, W = 2,

D =



D
(1)
1,1 D

(1)
2,1 D

(1)
3,1 0 0 0

D
(1)
1,2 D

(1)
2,2 D

(1)
3,2 0 0 0

...
...

...
...

...
...

D
(1)
1,QN+W−1 D

(1)
2,QN+W−1 D

(1)
3,QN+W−1 0 0 0

0 0 0 D
(2)
1,1 D

(2)
2,1 D

(2)
3,1

0 0 0 D
(2)
1,2 D

(2)
2,2 D

(2)
3,2

...
...

...
...

...
...

0 0 0 D
(2)
1,QN+W−1 D

(2)
2,QN+W−1 D

(2)
3,QN+W−1



,

(3.23)
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where D
(k)
n,l , k = 1 . . . K, n = 1 . . . N, l = 1 . . . QN + W − 1.

Here, from matrix D that consists of spreading sequences and H that consist of channel

impulse responses, a system matrix B can be defined as

B = DH. (3.24)

From (3.20), d can also be defined as

d = Bs. (3.25)

By substituting (3.18) into (3.25), the desired data can also be written as

d = BMd, (3.26)

where M is a modulator matrix and should be determined to derive a detected data without

MAI and ISI.

There are three cases to determine M, depends on number of user K and spreading factor

Q as follows

s = B∗T (BB∗T )−1d for K < Q. (3.27)

s = (B)−1d, for K = Q, (3.28)

s = (BB∗T )−1B∗Td, for K > Q. (3.29)
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3.3 Peak-to-Average Power-Ratio

PAPR is one of the main topic in wireless communication because it affects structure of trans-

mitter. A high PAPR of transmitted signal needs an efficient and expensive power amplifier

to avoid signal distortion. The signal distortion occurs owing to power amplifier unlinearity

characteristic. The power amplifier that operates in linear reduces power amplifier efficiency,

hence, increase power consumption. This is undesirable in wireless communication because

it increases cost of devices and reduce battery lifetime. Amplifier efficiency can be increased

by using signaling format with a low PAPR.

Most researches in PAPR focus on OFDM system, because the multicarrier transmission

causes a high PAPR [44], [45]. Many PAPR reduction techniques are also proposed for

OFDM transmission. Some techniques including clipping [46], clipping and filtering [47],

coding [48] and selected mapping [49] are proposed for PAPR reduction.

The PAPR of any continuous-time signal u(t) is defined as the ratio of the peak envelope

power to the average envelope power, can be expressed as

PAPR =
max(|u(t)|2)

Pav

, (3.30)

where Pav = (1/T )
∫ T

0
|u(t)|2dt is the average envelope power of u(t) and T is a symbol

length.

3.3.1 DS-CDMA

In this study, we focus on PAPR for DS-CDMA system. Even the PAPR for DS-CDMA

system is lower than that in OFDM system, the PAPR problem should be considered, because

the PAPR should be kept as low as possible to realize low cost device. In DS-CDMA, three

main factors can influence PAPR value of transmitted signal as follows:

• Orthogonal Code Dependency
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The complex envelope of a CDMA downlink signal can be expressed as:

u(t) =
L∑

l=1

(λlPNI(l) + jλlPNQ(l))p(t − lTc) (3.31)

where L is the number of chips per bit duration, Tb, λl is defined as the digital trans-

mission sequence given by

λl =
K−1∑
k=0

dkwk(l) (3.32)

where k is the number of users of K users, dk represents data bit for user k, wk(l) repre-

sents lth chip of orthogonal code assigned to user k, PNI and PNQ are pseudo-random

short codes, and p(t) is the transmission pulse shape. λl depends on the orthogonal

code and the applied data bit dl. Due to the band-limited nature of channel, the pulse

width of pt will generally span over several chip that causes inter-chip interference.

Due to the fact that different users share the same PN sequence, a certain combination

of orthogonal codes and data bits could result a particular digital transmit sequence

λl that has a higher peak power compared with the others.

Figures 3.2 and 3.3 show digital transmit sequences for a bad and good combination

of orthogonal codes and data bits, resepectively. Figure 3.2 represents digital transmit

sequences for orthogonal code set = w0, w32, w16, w48, dk(1) = 1, 1, 1, 1 while Fig. 3.3

represents = w0, w1, w33, w49, dk(1) = 1, 1, 1, 1. In Fig. 3.2, consecutive peaks at l =

14, 15, 16 causes overlapping among transmit pulse p(t), causing a high peak.

On the other hand, a smaller peak can be seen in Fig. 3.3, because the combination

of orthogonal codes and data bits do not cause consecutive peak.
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Figure 3.2: Transmit digital sequence of 4 users: bad orthogonal code combination
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Figure 3.3: Transmit digital sequence of 4 users: good orthogonal code combination
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• Modulation Scheme

The complex envelope of DS-CDMA for downlink is defined as:

s(t) =
L∑
l

(λI
l + jλQ

l )(PNI(l) + PNQ(l))p(t − Tc), (3.33)

where

λI
l =

K∑
k=0

dI
kwk(l)

λQ
l =

K∑
k=0

dQ
k wk(l) (3.34)

We consider BPSK and QPSK to show that modulation scheme affects PAPR value.

For BPSK, I and Q phase of transmitted signal are defined as:

sI =
∑

l

λlPNI(l)p(t − Tc)

sQ =
∑

l

λlPNQ(l)p(t − Tc). (3.35)

Here, as the PNI and PNQ are independent pseudo-random binary sequences +1,−1,

they just toggle the sign of the peaks. Peak position is influenced by digital transmission

sequence λl. From (3.35), we can see that the same λl affects trasmission signal of I

phase and Q phase. This means that the I phase and Q phase are highly correlated.

For QPSK is applied the I and Q phase of transmitted signal are defined as:

sI =
∑

l

λI
l PNI(l)p(t − Tc)

sQ =
∑

l

λQ
l PNQ(l)p(t − Tc). (3.36)
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We can see that the different transmit digital sequence λI
l and λI

l are multiplied in

QPSK scheme. From (3.34), λI
l is determined by data bits dI

k and λQ
l is determined by

data bits dQ
k . This means that the magnitude of I and Q phase become uncorrelated

when QPSK is applied.

Here, the transmission power is calculated as
√

s2
I + s2

Q. A large peak occurs when

both I and Q phase are in large magnitude. Highly correlated I and Q phase signals

causes high peak power. Thus, the QPSK signaling performs a lower PAPR than that

in BSPK signaling. Note that (3.36) is done using real spreading to investigate the

QPSK effect. The effect of spreading scheme in PAPR will be discussed in the next

subsection.

• Spreading scheme

In DS-CDMA system, spreading scheme can be divided into real spreading and complex

spreading. In real spreading, data bits are multiplied with a real orthogonal codes set.

In complex spreading, channelization code spesific multiplier (CCSM) is multiplied

after spreading process, to realize both I and Q phase spreading. As described in

previous subsection, PAPR becomes high if both I and Q phase in a large magnitude.

It has been desribed in [42] that unbalance between I and Q phase causes a high PAPR.

Using the complex spreading IQ imbalance can be avoided and a low PAPR can be

achieved.

3.3.2 TD-SCDMA

For the conventional TD-SCDMA system, when K users are active, transmitted signal for

the qth chip is expressed as

s(t) =
K∑

k=1

Q∑
q=1

N∑
n=1

dk,nck(q)e
jωt, (3.37)
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Figure 3.4: Transmitter block diagram of TD-SCDMA system

where Q is the number of chips in one symbol, i.e. spreading factor, N is the total number

of data transmitted by one user, d is binary complex data, c represents complex spreading

codes, and ω is a carrier frequency. From (3.30) and (3.37), PAPR for TD-SCDMA system

can be expressed as

PAPR =
max(|s(t)|2)

Pav

, (3.38)

where Pav = (1/T )
∑T

t=0 |s(t)|2 is the average envelope power of s(t) and T represents the

number of chips within a symbol period. Note that PAPR is calculated within a symbol

period.

Figure 3.4 shows a transmitter block diagram for TD-SCDMA system. In TD-SCDMA,

complex QPSK symbols of multicode MS are multiplied by a channelization code specific

multiplier (CCSM) consisting of 16 complex numbers, {(i + j), (i − j), (−i + j), (−i − j)}.

Then the signal is spread with channelization codes, also known as the orthogonal-variable-

spreading-factor (OVSF) codes. After spreading, the chip rate signals are further multiplied

with scrambling codes. Finally, the real and imaginary parts of the chip sequence are passed

through root raised cosine (RRC) filters and up-converted to the desired carrier frequency.

PAPR of CDMA system is influenced by three main factors; modulation technique,
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spreading technique, and orthogonal code dependency. Studies of PAPR proved that QPSK

modulation technique can perform lower PAPR than BSPK [42]. Also, it has been proved

that complex spreading can reduce PAPR. This is because, when the complex spreading is

done, spreading codes consisting of complex binary codes [±1,±j] are multiplied with trans-

mitted data, I signal and Q signal being uncorrelated in magnitude. Note that overall peak

of the complex envelope is given by
√

s2
I + s2

Q. The symbol sI and sQ represent a real part

and imaginary part of transmitted signal s, respectively. A large peak will occur only when

both I and Q signals are large in magnitude. By using complex spreading, I and Q signals

can be spread independently and phenomenon of large magnitude for both I and Q signals

can be mitigated. In orthogonal code dependency aspect, certain combination of orthogonal

codes and data bits could result in high peak compared with other combinations.

In current TD-SCDMA system, PAPR reduction is done by implementation of QPSK

modulation and complex spreading by assigning CCSM into OVSF spreading code. However,

as orthogonal code is used in the TD-SCDMA signal, a combination of certain orthogonal

codes with data bits causes a high peak, leading to high PAPR value.

3.3.3 Joint Transmission TD-SCDMA

Figure 3.5 shows transmission scheme for conventional JD and JT. In Fig. 3.5, d, s, e, n,

and d̂ represent a transmitted data vector from BS to MS, a transmitted signal vector, a

received signal vector, a noise vector, and a detected data vector in MS, respectively. M

refers to modulator matrix at BS, and D is a demodulator matrix, both contain different

components for JD and JT.

In JT, as derived in [29], total transmitted signal from BS to MSs, is defined vector s

s = B∗T (BB∗T )−1d, (3.39)

of length QN , where

s = (s1, s2, ..., sQN). (3.40)
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Figure 3.5: Transmission schemes for (a) JD (b) JT

Q is a total number of chips within a symbol, and d is the total transmitted data from BS

to MS of K users and can be calculated as

d = (d(1)T

...d(K)T

) = (d1, ..., dKN)T . (3.41)

The elements d(k), k = 1, ..., K of the data vector d are assumed to be independent and iden-

tically distributed (i.i.d.) with unit variance of real and imaginary parts. For the covariance

matrix, it follows:

Rd = E{dd∗T} = 2I, (3.42)

where I is an identity matrix. In this paper, QPSK modulation is assumed, i.e., the element

d(k) of the data vector d are taken from alphabet {(i + j), (i − j), (−i + j), (−i − j)}.

Note that s in (3.39) is only for a system that having the number of users smaller than
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spreading factor case [K < Q]. For other cases, the transmitted vector s can be defined as

[29]

s = (B)−1d, for K = Q, (3.43)

and

s = (BB∗T )−1B∗Td, for K > Q. (3.44)

For simplicity, a SISO (single-input single-output) antenna system is assumed. B is a JT

system matrix consisting of spreading code matrix C and CIRs matrix H, expressed as

B = C∗TH. (3.45)

C∗T is a [KN ] × [K(QN + W − 1)], shown as D in Fig. 3.5. The matrix D contains total

spreading codes for K users and can be calculated as

C∗T = blockdiag[C(1) . . .C(K)],

(3.46)

where blockdiag[.] represents a block matrix, where the off-diagonal blocks are zero matrices,

and the main diagonal matrices are square matrices. Spreading codes for kth user can be

described as

C(k) = (C
(k)
i,j ), i = 1, . . . , QN + W − 1

j = 1, . . . , N, k = 1, . . . , K.

C
(k)
i,j =

 c
(k)
i−Q(j−1), for 1 ≤ i − Q(j − 1) ≤ Q

0, else
. (3.47)

At the BS CIRs of kth user of length W can be defined as

h(k) = (h
(k)
1 , ..., h

(k)
W ). (3.48)
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With the CIRs, a total CIRs of [QN +W −1]× [QN ] matrices for all users can be expressed

as

H(k) = (H
(k)
i,j ), i = 1, . . . , QN + W − 1

j = 1, . . . , QN, k = 1, . . . , K. (3.49)

H
(k)
i,j =

 h
(k)
i−j+1, for 1 ≤ i − j + 1 ≤ W

0, else
. (3.50)

The CIRs matrices H in (3.45) for all users can be stacked as K[QN +W −1]× [QN ] matrix

as

H = (H(1)T

...H(K)T

)T . (3.51)

By using (3.38) and (3.39), PAPR for N data of JT TD-SCDMA can be calculated as a

vector

PAPR =



max|s2
i |

1

Q

Q∑
i=1

|s2
i |

max|s2
i |

1

Q

2Q∑
i=Q+1

|s2
i |

·

·
max|s2

i |

1

Q

QN∑
i=Q(N−1)+1

|s2
i |



.

(3.52)

of length N . The max|s2
i | represents peak power of transmitted signal si, i = 1, ..., QN ,

and calculated within spreading factor Q. The denominator 1
Q

∑Q
i=1 |s2

i | represents average
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power of transmitted signal si within spreading factor Q. As the PAPR is calculated within

spreading factor, the PAPR for transmitted signal s of length QN can be derived as a vector

of length N as shown in (3.52).

Single Path Behavior

In a single path environment, the elements of the matrix B can be expressed as

B = C∗TH


B(1) 01,4

01,4 B(1)

B(2) 01,4

01,4 B(2)

, (3.53)

where B(1), B(2), and 01,4 are described as

B(1) =
(

B
(1)
1 B

(1)
2 B

(1)
3 B

(1)
4

)
, (3.54)

B(2) =
(

B
(2)
1 B

(2)
2 B

(2)
3 B

(2)
4

)
, (3.55)

01,4 =
(

0 0 0 0
)

. (3.56)

B
(k)
q represents a system matrix, contains spreading code and CIR for kth user at qth chip

within a symbol. For example, B
(1)
1 represents a system matrix for user 1 at 1st chip. The

spreading codes are used to spread nth data. Note that q = 1, ...., Q, w = 1, ...,W , and

k = 1, ..., K.

To discuss behavior of single path JT-TD-SCDMA, the matrix is calculated for K = 2

users, Q = 4 spreading factor, N = 2 transmitted data per user case. For a single path JT,

using (3.45), where W = 1, the elements of B(1) and B(2) in B can be calculated as
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B
(1)
1 = c

(1)
1 h

(1)
1 ,

...

B
(1)
4 = c

(1)
4 h

(1)
1 ,

B
(2)
1 = c

(2)
1 h

(2)
1 ,

...

B
(2)
4 = c

(2)
4 h

(2)
1 . (3.57)

From (3.57), we can see that each element of B(1) and B(2) in B contains spreading code

and single path CIR.

Multipath Behavior

When multipath channel case is considered, each element in the system matrix B contains

multipath CIRs. This can be expressed in the following matrix (for W = 2 paths case)

B = C∗TH

=


B(1) 0 01,4

01,3 B̂
(1)
4 B(1)

B(2) 0 01,4

01,3 B̂
(2)
4 B(2)

, (3.58)

where B(1), B(2), and 01,4 are described as in (3.54), (3.55) and (3.56), respectively. 01,3 is

defined as:

01,3 =
(

0 0 0
)

. (3.59)
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Here, each element of (3.58) can be expressed as

B
(1)
1 = c

(1)
1 h

(1)
1 + c

(1)
2 h

(1)
2 ,

...

B
(1)
4 = c

(1)
4 h

(1)
1 ,

B̂
(1)
4 = c

(1)
1 h

(1)
2 ,

B
(2)
1 = c

(2)
1 h

(2)
1 + c

(2)
2 h

(2)
2 ,

...

B
(2)
4 = c

(2)
4 h

(2)
1 ,

B̂
(2)
4 = c

(2)
1 h

(2)
2 . (3.60)

From (3.60), some elements of the system matrix B contain multipath CIRs. For example, in

B
(1)
1 , all paths are multiplied with spreading code and inserted together in one matrix. This

will cause a high transmit signal power for the corresponding chip. However, the multipath

JT does not increase the whole transmitted signal. It can be seen in B
(1)
4 , where only single

path CIR is inserted in one matrix. This will cause a low transmit signal power for the

corresponding chip. A presence of signals like B
(1)
1 in B causes peak, while a presence of

signals like B
(1)
4 causes a low power. The difference of power level for elements in B causes a

high peak for certain signal, and low average power within a symbol, leading to high PAPR.

The difference of power level is larger if more paths present in the channel; i.e. some elements

contain signal from all paths while the others contain signals from only one path.

3.4 Proposed Joint Transmission Technique

It has been discussed in section 3.3.3 that the single path JT-TD-SCDMA can provide lower

PAPR than that in conventional TD-SCDMA system. On the opposite, it is also shown in

section 3.3.3 that the JT-TD-SCDMA in multipath channel can cause higher PAPR than

that in single JT-TD-SCDMA system as shown in (3.60). The multiplied multipath CIRs
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Figure 3.6: Definition for PS I technique

cause a large difference between the largest power and the lowest power, which lead to a high

PAPR value. Note that the multipath condition will not affect PAPR of conventional TD-

SCDMA because no channel is multiplied before transmission. Though, as the single path

JT-TD-SCDMA can perform lower PAPR than that in conventional system, the multipath

JT-TD-SCDMA has a potential to have a low PAPR while keeping a simple MS compared

to conventional TD-SCDMA. To avoid a high PAPR due to multipath condition in JT-TD-

SCDMA, we propose two new approaches of JT technique to reduce the number of paths in

multipath channel, named as follows:

• Path Selection I (PSI)

As shown in Fig. 3.6, in PS I, only M first paths of total W paths are selected and

inserted into matrix H in (3.49) and (3.50) (e.g., M = 1, W = 4 means taking M = 1

path from W = 4 paths)

• Path Selection II (PSII)

In PS II, a threshold is set, and only paths that have path gains above the threshold

value are selected to be used in matrix H in (3.49) and (3.50). The threshold concept

of PS II is shown in Fig. 3.7. The threshold value is set relative to average power of

CIRs. For example, when threshold value is set to 1 dB, it means that the threshold
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value is 1 dB higher than average power of all paths.

These two different techniques are proposed to determine a better solution for a good

technique that can perform a suitable trade-off between PAPR and BER. Note that, the

PAPR increases when the number of selected paths increases while, BER degrades when

the number of unselected paths increases. The PS I and PS II give different effects to the

trade-off because in PS I, the fixed number of paths is selected while in PS II, the number of

selected paths changes for each transmission. The adequate technique among the proposed

PS I (M/W ) and PS II can determine a good technique that improves PAPR with slight

BER degradation.

3.5 Data Detection and Signal-to-Noise Power-Ratio

In JT, desired data received at MS can be expressed as

d(k) = D(k)e(k) (3.61)

where D(k) = C(k)∗T is a demodulator matrix that contains spreading code matrix. A

detected data containing noise is shown as follows
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ˆd(k) = D(k)(e(k) + n) = d(k) + D(k)n, (3.62)

n represents white Gaussian noise vector with variances σ2. The covarience matrix for noise

can be defined as

Rn = E{nn∗T} = 2σ2I. (3.63)

From (3.62), it can be seen that no interference exists in the detected data and SNR of the

data d(k)
n is expressed as follows

γ
(k)
JT,n =

|dk
n|2

2σ2[D(k)D(k)∗T ]n,n

. (3.64)

With (3.64) and the assumption that the noise n is Gaussian distributed, the BER can be

derived as [54]

P
(k)
b =

1

2
erfc

√
γ

(k)
JT

2


=

1

2
erfc

(√
|dk

n|2

4σ2[D(k)D(k)∗T
]n,n

)
. (3.65)

For the proposed PS I and PS II techniques, since the elements of matrix H change

from consisting of all paths to certain selected paths, channel mismatch occurs. The channel

mismatch might affect data detection at MS. From (3.39), total transmitted signal for PS I

and PS II can be written as

ŝ = B̄
∗T

(B̄B̄
∗T

)−1d, (3.66)

where B̄ = B − E represents a system matrix affected by error E due to the proposed

technique. The error E contains unselected paths from real CIR in B. Total received signal

of (3.66) can be expressed as

ē = Hs̄ (3.67)
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and total detected data can be expressed as

¯̂
d = BB̄

∗T
(B̄B̄

∗T
)d + Dn, (3.68)

where detected data at MS is represented by

¯̂
d(k) = B(k)B̄

∗T
(B̄B̄

∗T
)−1d + D(k)n

= [B̄
(k)

+ E(k)]B̄
∗T

(B̄B̄
∗T

)−1d + D(k)n

= d(k) + E(k)B̄
∗T

(B̄B̄
∗T

)−1d + D(k)n. (3.69)

We can see that detected data for the proposed PS I and PS II techniques in (3.69) contain

interference while no interference occurs for conventional JT technique, as shown in (3.62).

From (3.69), data estimation error can be calculated as

¯̂
d(k) − d(k) = E(k)B̄

∗T
(B̄B̄

∗T
)−1d + D(k)n. (3.70)

The covariance matrix of the data estimation error in (3.70) can be calculated as

R ¯̂
d(k)−d(k)

= E{(
¯̂

d(k) − d(k))(
¯̂

d(k) − d(k))∗T}

= (E(k)B̄
∗T

(B̄B̄
∗T

)−1d + D(k)n) × (E(k)B̄
∗T

(B̄B̄
∗T

)−1d + D(k)n)∗T

= E(k)B̄
∗T

(B̄B̄
∗T

)−1(B̄B̄
∗T

)−1BE(k)∗T × dd∗T + D(k)D(k)∗Tnn∗T

= 2{E(k)E(k)∗T (B̄B̄
∗T

)−1} + 2σ2D(k)D(k)∗T . (3.71)

From the matrix of data estimation error calculated in (3.71), the BER of proposed PS

I and PS II can be calculated as

P
(k)
b =

1

2
erfc

√
γ

(k)
JT

2


=

1

2
erfc

(√
|dk

n|2
4(X + Y)

)
(3.72)
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where

X = σ2[D(k)D(k)∗T

]n,n, (3.73)

and

Y = E(k)E(k)∗T (B̄B̄
∗T

)−1. (3.74)

3.6 Simulation and Discussion

Since the PAPR of a transmitted signal is a random variable, it is better to calculate statis-

tical data rather than determine the exact value of PAPR. Thus, we calculate probability of

PAPR exceeding a certain threshold level PAPR0. This refers to complementary cumulative

distribution function (CCDF) of the PAPR and can be defined as

CCDF = Pr(PAPR > PAPR0). (3.75)

Simulation is done using TD-SCDMA parameters presented in Table 3.1 [52]. Simulation

for both single path and multipath are done and discussed in section 3.6.1 and section 3.6.2,

respectively. The simulation is done with considering of pulse shaping process, where the

transmitted signal s is passed through perfect Nyquist filter (i.e. roll off factor = 1), and

oversampled at a sampling rate 4 times higher than original sampling rate.

3.6.1 JT-TD-SCDMA in Single Path Environment

Figure 3.8 shows CCDF of PAPR comparison for single path TD-SCDMA and JT-TD-

SCDMA. From Fig. 3.8, we can see that the PAPR of 4 users and 8 users for w/o. JT

systems are above 10 dB at CCDF = 10−3. Note that a multiuser CDMA system should

have a PAPR lower than 10 dB [42]. We also can see that when JT is applied, PAPR can be

reduced for all the number of users compared to the system without JT. The PAPR reduction

can be achieved because in JT, the transmitted signal is multiplied with CIRs as shown in
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Table 3.1: Simulation Parameters

Modulation method QPSK
Spreading code OVSF, complex spreading
Spreading code 16

Channel Multipath fading case 3 by 3GPP[52]
Relative delay [ns] =[0 781 1563 2344]

Average power [dB] = [0 -3 -6 -9]
Amplifier model Rapp model

Class AB
Output Back-off (OBO) = 5 dB

smoothness factor =2

(3.39). The multiplication by CIRs avoids the signal from being influenced by orthogonal

code dependency. Thus, signals having large peak power due to a bad combination of

orthogonal codes can be reduced. By applying JT, overall transmit signal power increases,

so as the average power. This leads to lower PAPR.

Furthermore, from Fig. 3.8, PAPR increases when the number of users increases for both

TD-SCDMA and JT-TD-SCDMA. However, the increased value of PAPR in JT-TD-SCDMA

is larger than in the conventional TD-SCDMA system when small number of users is active

(e.g. from 4 users to 8 users). This occurs because of difference in orthogonal code depen-

dency behavior between small and large number of users. In the conventional TD-SCDMA,

smaller number of users can be easily affected by certain combination of orthogonal code

that causes consecutive peak power. The JT-TD-SCDMA removes orthogonally of transmit

signal, thus mitigates the transmit signal from affected by the bad combination of orthogonal

code, so as consecutive peak power. When more users are active in the conventional TD-

SCDMA, a probability for all users to use a bad combination of orthogonal codes decreases.

Note that orthogonal codes combination is limited by spreading factor. For example, if the

number of users is set to spreading factor value, all of orthogonal codes are used, thus a

combination of bad orthogonal codes can be avoided. Thus, implementation of JT does not

influence the transmit signal much. As a result, a large PAPR improvement can be clearly
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Figure 3.8: PAPR comparison in single path environment for 8 users system

seen for the small number of users compared to the large number of users in JT-TD-SCDMA.

This can be seen from PAPR performance for 4 users in Fig. 3.8.

3.6.2 JT-TD-SCDMA in Multipath Environment

Since CIRs are utilized before transmission in JT as shown in (3.39), multipath condition

might influence the transmit signal power as well as PAPR. To investigate the effect, we

further evaluate PAPR of JT-TD-SCDMA under multipath condition. The results are shown

in Fig. 3.9. We can see from Fig. 3.9 that the increasing number of paths used in JT process

will increase PAPR value. This is because some elements of the system matrix B contains

CIRs of all paths but some other elements contain only CIR of some paths, as shown in

(3.60). The difference of power level B is larger if more paths present in the channel; i.e.

some elements contain signal from all paths while others contain signals from only one path.
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Figure 3.9: PAPR comparison of w/o JT, single path JT and multipath (2, 4 paths) JT
environment for 8 users system

This causes large peak power and low average power within a symbol, leading to high PAPR.

To avoid a high PAPR caused by the multipath CIRs in multipath JT-TD-SCDMA,

we proposed two different techniques, described in section 3.4. We evaluate the PAPR

performance of the proposed techniques in Fig. 3.10. Figure 7 shows PAPR comparison for

both PS I and PS II techniques when 8 users are active. PS I (M/W ) in Fig. 7 represents M

selected path out of W paths. At CCDF = 10−3, the PS I (1/4), PS I (2/4) and PS I (3/4)

reduce 1.2 dB, 0.5 dB and 0.4 dB of PAPR, respectively, compared to that in conventional

JT system. From the results, for PS I, we can see that PAPR can be reduced when the

number of selected paths decreases. For PS II (threshold value = 0 dB), PAPR performance

is in between PS I (2/4) and PS I (3/4), 0.6 dB lower than that in conventional JT.

In PS II, the selected number of paths changes depending on threshold value. Note that

the threshold value = 0 dB is selected for PS II as the value has a high possibility to reduce
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Figure 3.10: PAPR comparison among conventional JT, PS I and PS II for 4 paths 8 users
system

PAPR of the system. Table 3.2 shows relation between threshold value and percentiles for

the probability distribution function (PDF) of the number of selected paths. For threshold

value = 0 dB, 50.69 % of the signals only consist of 1 path, 45.98 % of the signals consists

only 2 paths, and the remaining signals consist of 3 paths out of 4 paths. The small number

of selected paths can reduce PAPR as same as in PS I. For comparison, the percentiles for

PDF of other threshold values are shown in Table 3.2. From Table 3.2, threshold values, 1 dB

and 2 dB are not adequate, because no path (0.63 % for 1 dB and 7.77 % for 2 dB) is selected

where the channel must exist at least 1 path for the JT process in transmitted. For threshold

values of -2 dB and -1 dB, 1.86 % and 0.27 % of the signals select all paths (4 paths), which

can increase PAPR of the system. The descriptions stated above are the reasons for selecting

threshold value = 0 dB for our proposed PS II technique. Even PS I (1/4) in Fig. 7 performs

the smallest PAPR, since there is a trade-off between PAPR and BER, it is unfair to say that
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Table 3.2: Relation between threshold value (th) and percentiles for PDF of the number of
selected paths (M) for PS II

XXXXXXXXXXXXth [dB]
M (%)

0 1 2 3 4

-2 0.00 23.34 52.30 22.50 1.86
-1 0.00 34.00 53.21 12.52 0.27
0 0.00 50.69 45.98 3.33 0.00
1 0.63 73.15 26.16 0.06 0.00
2 7.77 85.51 6.72 0.00 0.00

the technique is a better solution. To find a good technique among the proposed techniques,

we further investigate BER performance for all the techniques, which will be discussed later.

To prove the validity of our simulation, results of simulation and theoretical analysis

derived in section 3.5 are compared in Fig. 3.11. Note that the analysis in section 3.5 is

derived considering linear amplification process.

In Fig. 3.11, simulation results are compared to theoretical BER performance for con-

ventional JT, proposed PS I and PS II. Note that the theoretical performance is evaluated

using percentiles for PDF of the number of selected paths in Table 3.2 and (3.72). It can be

seen that the simulation results match theoretical results for all the techniques; conventional

JT, PS I and PS II.

As described, the BER performances of the proposed PS techniques need to be evaluated

to determine a system with a small PAPR and a good BER performance. BER performances

of PS I and PS II are shown in Fig. 3.12. Note that the BER performances in Fig. 9 consider

nonlinear amplifier and channel, shown in Table 3.1. From the results, we can see that both

the proposed PS I and PS II show BER performance degradation compared to conventional

JT when all 4 paths are selected. The reason for BER degradation in the proposed PS I

and PS II can be seen from (3.66) to (3.69). In (3.66) the matrix H̄ of B̄ = DH̄ contains

only selected paths which are only parts of paths in real CIRs H. The difference between

H̄ in transmitted signal and H in real channel causes channel mismatch. We also can see
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Figure 3.11: BER performance comparison betwen simulation and theoretical analysis for
conventional JT (w/ JT), PS I and PS II for 4 paths, 8 users system

that transmitted signal in conventional JT changes when PS I and PS II are applied as

shown in (3.66). The change increases interference in data detection shown in (3.70). This

causes BER degradation in proposed PS compared to that in conventional JT, which can

perfectly eliminate interference as shown in (3.62). The BER degradation can be seen in Fig.

3.12. From (3.66), PS I (1/4) performs the worst performance because 3 remaining paths

are treated as interference. The result where the PS I (1/4) performing the worst BER can

also be seen in Fig. 3.12. The interference increases owing to the increase of the number of

unselected paths. Thus, the PS I (2/4) can provide a better BER than PS I (1/4), as shown

in Fig. 3.12.

For PS II (th = 0 dB), a better BER than that in PS I (2/4) can be achieved as the

variable number of selected paths (50.69 % for 1 path, 45.98 % for 2 paths and 3.33 % for

3 paths in Table 3.2), mitigates the interferences caused by the channel mismatch. The
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Figure 3.12: BER comparison among conventional JT (w/ JT), PS I and PS II for 4 paths,
8 users

variable number of selected paths in PS II also can give a good trade-off between reducing

interferences and a high PAPR caused by increasing the number of paths in JT system. The

interference increases owing to the increase of the number of unselected paths. Regarding

PAPR evaluation in Fig. 3.10 and BER evaluation in Fig. 3.12, we can say that PS II is a

better technique than PS I, because the PS II performs a lower PAPR without severe BER

performance degradation than PS I. However, since PAPR improvement in PS II causes a

small BER degradation compared with that in conventional JT, some modification needs to

be done in the proposed PS II. We combine the proposed PS II with clipping technique (PS

II & clip) to achieve both a good BER and PAPR.

To evaluate PS II & clip, we set a threshold value similar to that in the conventional

clipping technique, named as clipping level (CL). Transmit signal power over the clipping

level will be cut and the clipping level is set as a new transmit signal power. In our simulation,
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Figure 3.13: PAPR comparison among w/o JT, w/o JT & clip, w/ JT, w/ JT & clip, PS II,
and PS II & clip for 4 paths, 8 users system

clipping level is set relative to average transmit power. For example, CL = 3 dB means that

the clipping level is set 3 dB higher than average transmit power.

For the sake of comparison, we also evaluate PAPR of conventional clipping technique

(w/o JT & clip) and a combination of JT and clipping technique (w/ JT & clip), shown in

Fig. 3.13. We can see that when clipping is applied to the w/o. JT, w/. JT and PS II,

PAPR reduction can be achieved in all techniques, i.e. w/o. JT & clip outperforms w/o.

JT, w/. JT & clip outperforms w/. JT, and PS II & clip outperforms PS II. The clipping

technique can clip the signals with a peak higher than clipping level. This can reduce PAPR

value of the system. It can also be seen that at ccdf = 10−3, clipping combination of each

technique reduces PAPR about 4 dB compared to PAPR of w/o JT, 4.4 dB compared to

PAPR of w/. JT, and 4.8 dB compared to PAPR of PS II. From the results, we can say

that the combination of clipping with PS II (PSII & clip) provides a good PAPR reduction
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Figure 3.14: BER comparison among w/ JT, w/ JT & clip, PS II, and PS II & clip for 4
paths, 8 users

compared to the combination of clipping with JT (w/ JT & clip).

However, the trade-off between PAPR and BER must be considered. The BER perfor-

mance has been evaluated and shown in Fig. 3.14. Note that the BER performances in Fig.

11 consider nonlinear amplifier and channel stated in Table 1. We can see that when clipping

is applied, the BER degradation occurs for both JT and PS II system. This is because the

limit of transmit signal power in clipping technique causes in-band, out-of-band clip noise

and peak re-growth after digital analog conversion (DAC), which lead to BER performance

degradation [56]. Even the PS II & clip provides a lower PAPR than that in w/ JT & clip,

a better BER can be achieved in PS II & clip than that in w/ JT & clip. This is because

when PS II is applied, the peak power is reduced as the number of selected paths is reduced.

Thus, the peak power that be clipped in PS II & clip is smaller than that in w/. JT & clip.

The reduction of clipping process can mitigate in-band, out-of-band clip noise and spectral
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Table 3.3: Relation between PAPR value and required Eb/N0 of proposed techniques

Schemes Eb/N0 [dB] PAPR [dB]
(BER= 10−3) (CCDF= 10−3)

w/ JT 10 9.5
PS I (1/4) - 8.3
PS I (2/4) 15 8.5

PS II (th = 0 dB) 11 9.0
w/ JT & clipping - 4.6
PS II & clipping 17 4.2

re-growth as well as BER degradation.

The relation between PAPR value and required Eb/N0 of the proposed techniques is

summarized in Table 3. From Table 3, the proposed PS II requires 11 dB of Eb/N0 to achieve

BER = 10−3. The result shows that the proposed PS II provides a 0.5 dB low PAPR and

requires 0.8 dB more Eb/N0 than that in conventional JT technique to achieve BER = 10−3.

However, as shown in Fig. 10 and Fig. 11, the proposed PS II provides a low PAPR and BER

if combined with clipping technique, compared to a combination of conventional JT with

clipping technique. From the results, PS II & clip technique can be observed as an effective

technique, because the technique provides a low PAPR without severe BER degradation.

The BER performance of PS II & clip can also meet the BER requirement (BER=10−3)

for 1.28 Mcps TDD-CDMA or TD-SCDMA system as shown in [15]. Note that the BER

performances in Fig. 9 and Fig. 11 are evaluated with implementation of convolutional

coding technique as standardized for TD-SCDMA (convolutional encoder with code rate =

1/2 and constraint length = 9 with Viterbi decoder) system in [57].

Out-of-band emission or spectral regrowth is the main drawback of clipping technique.

However, we did not investigate the spectral regrowth behavior, since the out-of-band spec-

trum can be mitigated using band pass filter in spread CDMA compared to that in OFDM.

Furthermore, the out-of-band emission normally occurs because of clipping technique. In our

proposed technique, PS II we select paths that are above threshold value and no signal is
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clipped. Thus, no spectral regrowth is predicted. For the combination of PS II and clipping,

the signals are firstly selected before clipping. This means that the signals that should be

clipped decreases, and this can mitigate spectral regrowth caused by clipping.

3.7 Conclusion

PAPR of JT-TD-SCDMA system for both single path and multipath has been investigated.

For single path environment, the result shows that JT technique can reduce PAPR as the

CIRs used in transmitted signal increases overall transmitted signal, thus increases average

power as well as PAPR. However for multipath environment, only certain transmitted signals

in the JT system matrix are affected by multipath. Some elements of the system matrix

that contain multipath CIRs cause large peak power, while other elements that contain some

paths cause low average of transmit power. The gap between peak and low transmit signal

power causes a high PAPR in multipath JT-TD-SDCMA compared to the conventional TD-

SCDMA. To avoid a high PAPR in multipath environment, we propose two new techniques

of JT named as PS I and PS II. Both techniques are derived by modifying CIRs matrix. In

PS I, definite number of paths are selected while in PS II, paths having path gains above

certain threshold value are selected. Considering trade-off between PAPR and BER, we

further investigated BER performance for each technique. From the results, we can see

that taking fewer paths can reduce PAPR but at the same time causes BER performance

degradation due to interference. Thus, PS II can be considered a better technique than PS

I because variable number of paths of the systems can give a good trade-off between PAPR

and BER performance. We further combine the proposed PS II with clipping technique,

(PS II & clip). For the sake of comparison, conventional clipping technique (w/o JT &

clip) and a combination of JT and clipping (w/ JT & clip) are also evaluated. From the

results, proposed PS II & clip performs the lower PAPR without severe BER degradation

than the conventional clipping technique. As a result, PS II & clip can be concluded as a
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good technique among investigated PAPR reduction techniques.
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Chapter 4

Conclusion

This dissertation has provided an impact of channel estimation error and PAPR reduction

for precoding technique in TDD-CDMA system. Two different type of TDD systems, TD-

CDMA and TD-SCDMA are studied in this research. The impact of channel estimation error

is evaluated for pre-rake in TD-CDMA parameter while the PAPR reduction is provided by

using JT technique in TD-SCDMA system. The impact of channel estimation is evaluated

because precoding usually works well under assumption of perfect channel estimation, which

is unrealistic. The PAPR reduction using the JT is proposed to avoid complexity of BS

that becoming more complex owing to the replacement of joint detection in MS to BS. The

PAPR reduction helps the BS to reduce the complexity and cut cost because a low PAPR

allows the BS to use efficient and low cost power amplifier. Our study focuses on having a

low BER performance without causing complexity in both BS and MS.

In chapter 2, the impact of channel estimation error in pre-rake TDD-CDMA is studied.

We provide numerical analysis for pre-rake under perfect and imperfect channel estimation.

The error model of channel estimation is discussed in section 2.3, which consists of amplitude

and phase error. For comparison, we also provide numerical analysis for rake technique under

perfect and imperfect channel estimation with the same error model as in pre-rake analy-

sis. Computer simulation is done based on TD-CDMA system parameter. From numerical
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results and computer simulation, we found that the channel estimation error causes large

performance degradation in pre-rake system compared to that in rake system. This occurs

because of high orthogonality loss among spreading codes of different users loss increases

MAI in pre-rake, which does not affect the rake system. The error also shows that the BER

degrades parallel with an increase of Doppler frequency value. The analysis also shows that

both amplitude error and phase error increase when Doppler frequency increases.

In chapter 3, we propose a new approach of JT technique to reduce PAPR of the TDD-

CDMA system. We provide a path selection technique, where only certain paths are selected

instead of all paths processed in JT. Under multipath channel, our proposed path selection

technique performs a lower PAPR than that in conventional JT. To enhance the effectiveness

of our proposed technique, we combine the proposed path selection technique with clipping

technique. We evaluate the proposed technique using numerical analysis and computer

simulation. The computer simulation utilizes TD-SCDMA system as simulation parameter.

From the results, we found that the proposed technique perform a lower PAPR than that in

conventional JT technique. We also found that the combination of proposed technique with

clipping technique performs a low PAPR with a good BER performance compared with that

in clipping technique.
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