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Abstract

Adaptive Subcarrier Allocation for Orthogonal Frequency Code
Division Multiplexing (OFCDM)

©Ryan Caldwell, 2005

Master of Applied Science
Electrical and Computer Engineering
Ryerson University

In this thesis, a novel adaptive subcarrier allocation algorithm is developed for OFCDM.
This algorithm utilizes groﬁps of evenly spaced, non-contiguous subcarriers throughout the
spectrum. The users are allocated to subcarriers groups with the intention of minimizing the
overall BER. This is accomplished by assigning a user to the set of subcarriers that provides
the best Signal to Interference and Noise Ratio (SINR), while producing the least amount of
interference to other users accessing the same subcarrier group. The expected interference
produced by this user is then utilized to recalculate the SINR for the subcarrier group, and
the allocation process continues recursively until all users are assigned to subcarriers. The
proposed algorithm is shown to provide a performance improvement ranging from 1.5dB
with 2x16 spreading, to 7dB with 16x2 spreading. The algorithm is also shown to maintain

or improve the BER floor for each OFCDM spreading configuration.
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Chapter 1

Introduction

At the present time, mobile handheld communications devices are one of the most important
necessities in personal life, business, and entertainment. Wireless devices are used for voice
services, push-to-talk (PTT)[1], email, text messaging, mobile television (MobiTV)[2], and
a variety of other applications. As time goes on, however, the demand for more complex
and bandwidth intensive applications will continually increase. In the near future, users will
require access to high speed internet, multimedia, and high definition streaming video on
handheld wireless devices. These services generally require throughput in the Mbps range,
which cannot be supported by the current wireless systems.

Second Generation (2G) systems such as IS-95 and GSM originally provided a through-
put of 9.6kbps. With more advanced protocols such as [S-95B and GPRS implemented in
addition, the throughput of these systems has been increased to 115.2kbps and 171.2kbps
respectively [3]. These data rates are not high enough to support demanding applications,
such as multimedia or streaming video. There are a variety of Third Generation (3G) sys-
tems that are currently being introduced, such as CDMA2000, WCDMA and TD-SCDMA.
These technologies are required to provide a throughput of 2Mbps for fixed or pedestrian
users and 384kbps for users with mobility [3]. Although throughput is improved considerably

over 2G systems, it may still be insufficient to support the more demanding requirements



of streaming video and multimedia, especially when users are mobile. As a result, Fourth
Generation (4G) systems are being developed that can provide higher throughput for these
demanding applications.

In the area of fixed access wireless communications, such as WLAN, high throughput
applications are quite common. Users access the internet, multimedia and streaming video
on a regular basis with high reliability. The problem with these services, however, is that
they are fixed within a building or localized area. Recently, some of these technologies have
been considered for mobile communications systems. In particular, Orthogonal Frequency
Division Multiplexing (OFDM), which is utilized in 802.11a and 802.11g, has been proposed
as a likely candidate for 4G systems. This signalling method uses a parallel transmission of
several low rate signals, each modulated to a different carrier frequency. The basis behind
this idea is that the low rate subcarriers experience very little Intersymbol Interference (ISI)
when transmitted through a multipath channel. Since excessive ISI is one of the most
significant impediments in a wireless environment, higher data rates are possible if ISI is
reduced.

A variety of 4G systems have been proposed that are based on OFDM. In Orthogonal
Frequency Division Multiple Access (OFDMA) each user is assigned one or more low-rate
subcarriers, allowing them to achieve resistance to ISI, and multiple access simultaneously
[4]. Other variants include those which utilize Code Division Multiple Access (CDMA), the
technology that is utilized in IS-95 and all 3G wireless systems. This technology allows
multiple users to share the identical bandwidth by assigning user-specific code sequences
with low cross correlation. These user-specific codes provide enhanced privacy, minimize the
susceptibility to intentional jamming attacks, and minimize interference between users [3]
Code spreading in the time domain, commonly known as direct-sequence CDMA, has beer

combined with OFDM to produce Multicarrier Direct-Sequence CDMA (MC-DS-CDMA) [7]



In this modulation scheme, each subcarrier contains a DS-CDMA signal, and can accom-
modate several code-division users simultaneously with low Multiuser Access Interference
(MAI). Another combination of CDMA and OFDM is Multicarrier CDMA (MC-CDMA)
[8]-[10]. With this scheme, spreading is performed across several subcarriers. Each adja-
cent subcarrier is allocated one chip from a particular spreading sequence, allowing users to
be assigned to identical subcarriers that are spread orthogonally in the frequency domain.
In addition to providing multiple access, this scheme benefits from the frequency diversity
gained by transmitting over several independently faded subcarriers. A thorough description
of MC-CDMA and MC-DS-CDMA is provided in sections 2.3.1 and 2.3.2 respectively.

A recently introduced variant of Multicarrier CDMA combines the time and frequency
domain spreading utilized in MC-CDMA and MC-DS-CDMA simultaneously [11]-[13]. This
has been shown to provide more favorable bit error rate (BER) characteristics than utilizing
time or frequency domain spreading independently. This occurs because frequency diversity
is gained from spreading in the frequency domain, while multipath diversity and lower MAI
may be achieved with time domain spreading. This technology, frequently named Orthogonal
Frequency Code Division Multiplexing (OFCDM), is the technology that is examined in this
thesis. The theoretical information regarding OFCDM is provided in section 2.3.3.

With the introduction of OFDM and several variants of multicarrier CDMA for 4G sys-
tems, there has been much research that deals with methods to assign subcarriers that
maximize system performance [14]-[20]. Many of these papers examine the fading character-
istics of each subcarrier, channel loading, interference, and a variety of other characteristics,
and assign the most favorable subcarriers to users such that the overall system performance
is maximized.

In this study, we develop a novel, low complexity adaptive subcarrier allocation algo-

rithm for OFCDM. The intention of this algorithm is to improve the BER performance



of OFCDM for all time and frequency domain spreading factors. To the best of the au-
thor's knowledge, this is the first adaptive subcarrier allocation algorithm to be developed
for OFCDM. The proposed algorithm divides the spectrum into several groups of equally
spaced, non-contiguous subcarriers. This is done to maximize gains from frequency diver-
sity, and to minimize MAI. Adaptive subcarrier allocation is then performed to minimize
the overall BER of the cell. The subcarrier group with the largest SINR is assigned to
the user that is expected to cause the lowest amount of MAI to other users accessing the
same subcarrier set. The expected interference power caused by the user is then utilized to
recalculate the SINR on the corresponding subcarrier group, and the next user is assigned
to subcarriers with the same methodology. This algorithm continues recursively until all
users are assigned to subcarrier groups. In this thesis, the algorithm is shown to provide
substantial performance improvements over non-adaptive OFCDM with various spreading
factors, because the most favorable group of subcarriers is selected during each transmission
interval.

This report is organized as follows. In Chapter 2, we introduce the theory behind
OFDM and CDMA, as well as several variants of multicarrier CDMA. This theory is used
as a basis to discuss multicarrier CDMA with simultaneous time and frequency domain
spreading. Detailed theory of each technology is discussed, as well as applications of each of
these transmission methods.

Following the theoretical information on OFDM and multicarrier CDMA, a literature
survey is provided in Chapter 3. In this section, a summary of previous subcarrier alloca-
tion algorithms for both MC-CDMA and MC-DS-CDMA is provided, and their limitations
are emphasized. There is also a review of papers that have examined the performance o
multicarrier CDMA with various time and frequency domain spreading factors. The pro-

posed scheme is related to this previous research to form a basis for the subcarrier adaptatior



strategy used in this thesis.

In Chapter 4, the novel subcarrier allocation algorithm is presented for OFCDM. A
thorough description of the subcarrier grouping strategy is provided, as well as the system
model for the proposed system. This is followed by a detailed analysis of the transmitted
and received signals, as well as the SINR and BER performance of the system. Following
this, an explanation of the adaptive subcarrier allocation algorithm for OFCDM is provided.

The system parameters and numerical results for this algorithm are provided in Chapter
5. This includes the BER performance of the proposed system with various spreading factors.
These results are compared to current non-adaptive OFCDM systems to reinforce the benefits
of the proposed algorithm. We conclude in Chapter 6, where we summarize the benefits of

the proposed algorithm, and point out directions for future research.

Contributions

In this thesis, we present several unique contributions to improve the performance of OFCDM,

and to quantify the effectiveness of the proposed algorithm. In particular, we
e develop a subcarrier grouping strategy to maximize gains from frequency diversity

e derive a closed-form solution for the BER performance of the OFCDM system with

adaptive subcarrier allocation
e propose a novel, low complexity adaptive subcarrier allocation for OFCDM

e evaluate the performance of the proposed algorithm, and compare the results with

non-adaptive OFCDM with various time and frequency domain spreading factors



Chapter 2

OFDM and Multicarrier CDMA

As mentioned in the previous chapter, one of the main requirements for future wireless
systems is to support high data rate applications including multimedia, streaming video
and internet access. In order to support the demanding throughput requirements of these
services, a very large bandwidth is required. This bandwidth requirement has yet to be
defined for 4G systems, but it is expected to be as large as 100MHz for the forward link,
and up to 20MHz for the reverse link.

Traditionally, a wideband single carrier has been utilized to support high data rates.
This is evident in technologies such as High-Speed Downlink Packet Access (HSDPA) for
WCDMA, and 3xRTT for CDMA2000, which utilize 5MHz and 3.75MHz bandwidths re-
spectively [3]. As the throughput requirements increase beyond those of 3G systems, ISI
becomes more significant because the bit duration decreases with increasing bandwidth.
This can also be viewed from the frequency domain, where a wider bandwidth experiences
more frequency selectivity. This generally creates a BER floor caused by pulse distortion
in single carrier systems [5]. As a result of these impediments, OFDM and several variant

of Multicarrier CDMA have been proposed for 4G systems. These multicarrier systems ar



excellent candidates to support these large bandwidths because they utilize a parallel trans-
mission of low rate signals, each modulated to a different carrier frequency. This increases
the pulse duration of the signal proportionally to the number of subcarriers, and as a result,
it is much more resistant to ISI than wideband single carrier systems.

The remainder of this chapter is organized as follows. In section 2.1, OFDM is discussed
in detail, followed by an overview of CDMA technology in section 2.2. A detailed description
of various multicarrier CDMA systems is discussed in section 2.3. This includes the benefits
and drawbacks of MC-CDMA and MC-DS-CDMA, and a description of OFCDM, which is

the primary technology explored in this thesis.

2.1 Orthogonal Frequency Division Multiplexing

Orthogonal frequency division multiplexing is implemented by transmitting low-rate signals
in parallel over several densely packed subcarriers. This is done with the intention of reducing
the amount of frequency selectivity, or equivalently ISI, by utilizing narrowband subcarriers.

Figure 2.1 shows an example of an OFDM spectrum with four subcarriers.

Figure 2.1: OFDM Spectrum with 4 Subcarriers



Each sinc function in this frequency domain spectrum is generated by multiplying a
complex rectangular time domain signal with a sinusoid at the frequency of the corresponding
subcarrier. This rectangular function is generally a complex symbol modulated with PSK
or QAM. Each of these subcarriers is spaced by a frequency of 1/Ty, where T, is the OFDM
symbol duration. This ensures that orthogonality is maintained between subcarriers, because
the peak of each subcarrier corresponds to nulls of all other adjacent subcarriers.

It is evident from this figure that when transmitting over a frequency selective channel,
increasing the number of subcarriers in the allocated bandwidth reduces the amplitude vari-
ations over each subcarrier. If the number of subcarriers is selected such that the subcarrier
bandwidth is less than the channel’s coherence bandwidth (1/7, < B,), flat fading results
on each subcarrier and there is no distortion. This is equivalent to selecting the bit duration
to be larger than th_e RMS delay spread of the channel, which eliminates ISI. The following

section discusses the OFDM signal generation.

2.1.1 OFDM Transmitter

Figure 2.2 shows the block diagram for a typical OFDM modulator. The incoming binary

—®—

N cos(a,1)

L )

Impulse | d; Pulse 2 s() | Cyeli
b. Iy » 2cos(w,f) _ ycClIC f
’ 7 Modulator Shaping S/P . "| Prefix [ *° ®

NG) cos(a, 1)

Figure 2.2: Oscillator-Based OFDM Block Diagram



data stream, b; = £1, eR, is first impulse modulated with PSK or QAM to form a sequence
of complex modulated symbols, d;. This sequence carries the amplitude and phase of the
transmitted symbols. This is passed through a pulse shaping filter with response p(t — z%} .
This filter shape is generally rectangular for OFDM systems to ensure that orthogonality is
maintained between subcarriers. Each A/ complex modulated symbols are then converted
from Serial (S) into Parallel (P) format, where M is the number of subcarriers. The resulting
parallel symbols on each subcarrier are denoted d;.,, which represents the jth complex

symbol on the mth subcarrier. This operation increases the symbol duration by a factor of

M, resulting in the pulse shape

_ 1 if jT, < t < (j+ 1)Ts,
p(t —jTy) = (2.1)
0 otherwise.

These symbols are then modulated to sinusoidal subcarriers at frequencies w,, me{1,2, ..., M},
where m is the subcarrier index. This modulation is performed by multiplying each parallel

symbol by a cosine function at the frequency of the intended subcarrier. These orthogonal

subcarriers are then summed to produce the OFDM signal

s(t) = \/2?’)23' Z:\r/{:l d;mp(t — jTb)cos(wmt)

(2.2)
=V Y, SM_ | mip(t — §Tb)cos(Wmt + Ld;m),

where ¢, is the energy per bit and T}, is the OFDM symbol duration. If BPSK modulation is

utilized on the subcarriers, as is done in this thesis, this simplifies the transmitted signal to

M
s(t) = \/2_6;;2 E bjmp(t — jTp)cos(wmt), (2.3)

j m=1



where b; , is the jth bit on the mth subcarrier. At this point, a cyclic prefix can be added to
ensure that orthogonality is maintained between subcarriers, and to aid with synchronization

at the receiver. The cyclic prefix is discussed later in this section.

Modulation by IFFT

One problem that has limited the implementation of OFDM systems in the past is the large
number of subcarriers necessary to ensure resistance to frequency selectivity. In the past,
hundreds, if not thousands, of precise, phase-coherent oscillators were required to modulate
the signal to the subcarrier frequencies. If there were errors in the carrier frequencies of
the oscillators, Intersubcarrier Interference (ICI) would result, reducing the system’s per-
formance [5]. With advances in Digital Signal Processing (DSP), the Inverse Fast Fourier
Transform (IFFT) has become an excellent method of OFDM modulation. This operation
is equivalent to multiplying each bit by the desired subcarrier frequency, however, it ensures
exact frequency spacing and phase coherence between subcarriers. The OFDM signal, s(t),
is generated by performing the IFFT operation on the sequence of complex modulated sym-
bols, d;. This sequence represents the M complex symbols during the jth signal element.

The block diagram for the IFFT modulator is shown in figure 2.3, and the signal is expressed

Impulse |9, . . s(®) | Cyclic ,
b;— Modulator S/P ° IFFT . PIS Prefix s'®
. Py '

Figure 2.3: IFFT-Based OFDM Block Diagram
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mathematically for the jth signal element as
M .,
5i(t) =Y djme"" %' = M - IFFT(d;), (2.4)
m=1

where ¢ = +/—1. After the IFFT is used to modulate the complex symbols to their carrier
frequencies, the result is converted into a serial stream and a cyclic prefix is added. For
simplicity of further sections, it is assumed that the IFFT can be utilized as an alternative

to the oscillator-based OFDM block diagrams.

Cyclic Prefix

The cyclic prefix is appended to the OFDM symbol for various reasons. Firstly, if the IFF'T
is utilized for OFDM modulation, the cyclic prefix is required to utilize a finite point IFFT
in the frequency domain. This is necessary because the signal is assumed to be repeated
infinitely in the time domain when a finite number of frequency domain points are used with
the IFFT [5]. Since this is not practical, the time domain signal is repeated for the memory
length of the channel. Figure 2.4 shows the operation of appending the cyclic prefix. In
this operation, the last A{, (< M) samples of the current OFDM symbol are copied to the
beginning of the frame.

Another benefit of the cyclic prefix is that it theoretically eliminates Intersymbol Inter-

Cyclic Prefix OFDM Symbol
(M, Samples) (M Samples) -

Figure 2.4: Cyclic Prefix Format
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ference (ISI). Since the duration of the cyclic prefix is at least equal to the channel’s memory
length, all ISI occurs during the cyclic prefix, leaving the OFDM symbol completely unaf-
fected by ISI. Finally, the cyclic prefix aids in synchronization at the receiver because it can
be utilized to identify the beginning of an OFDM symbol. The only drawback is the reduc-
tion in spectral efficiency to a factor of M /(M + M,) of its original value. Since My, << M,

the reduction in spectral efficiency is generally negligible.

2.1.2 Wireless OFDM Transmission

After OFDM modulation and the cyclic extension is added, the signal is transmitted through
the wireless channel according to figure 2.5. The signal is first upconverted to the wireless
carrier frequency. Although the Speciﬁcaﬁions are not yet defined, 4G systems are expected
to utilize a carrier frequency between 3GHz and 6GHz. If we assume that s'(¢) is real, the

RF transmitted signal is

srr(t) = §'(t )\/—(305(27rfC t), (2.5)

where f. is the carrier frequency in Hz.
The signal is then transmitted through a wireless channel. For demonstration purposes,

it is assumed that the coherence bandwidth of the channel is equivalent to the subcarrier

|

i ! f

O =0 O - (X)—»{ LPF JONY

! | ! |

i V2 cos(2nf 1) | nw | V2 cos(27f 1) !

_____________ | R |
RF Transmitter RF Receiver

Figure 2.5: RF Transmitter, Channel, and Receiver
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bandwidth (1/T; = B.). Based on this assumption, the channel model for the mth subcarrier

during the jth transmitted bit is flat, with the frequency domain response
Hjm = ojme"®m, (2.6)

where @;m is the fading gain, and ¢; ., is the phase shift of the mth subcarrier during the
Jth transmitted bit. The thermal noise on the channel is assumed to be Additive White
Gaussian Noise (AWGN), with a double-sided Power Spectral Density (PSD) of N,/2. The

received signal is

Trr(t) = srr(t) * h(t) +n(t), (2.7)

where 7(t) is the AWGN noise signal, and h(t) represents the total impulse response over
the M subcarriers.

Referring to figure 2.5, the receiver passes the RF signal through a bandpass filter to
limit the amount of noise entering the system. It is then downconverted by multiplying with
a sinusoid at the carrier frequency, followed by low pass filtering to remove the image signal
caused by demodulation. This recovers the noisy version of the transmitted baseband signal,

7’(t). The cyclic prefix is removed, which recovers the noisy OFDM signal

r(t) = V2 »_ Y ajmbimp(t — jTb)cos(wmt + @jm) +1(t). (2.8)

j m=l1

This signal is detected with the OFDM receiver discussed in the next section.

2.1.3 OFDM Receiver

The received OFDM signal, r(t), is processed with the block diagram shown in figure 2.6.

The signal is first converted into parallel format, and restored to the baseband by multiplying

13
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Figure 2.6: Oscillator-Based OFDM Receiver Block Diagram

with cosine functions matched to the frequency (wmt — ¢;m). This phase shift is used to
ensure that the phase shift produced by the channel is cancelled. This demodulation can also
be accomplished by utilizing the Fast Fourier Transform (FFT) operation, which is shown
in figure 2.7. The signal is then integrated over the bit period and sampled to generate the

test statistic for the jth bit on the mth subcarrier

G+1)Ts
Zim =71 ftﬁ]Tb * 7 (£)v/2c08 (Wit — ©;m)dt

= V Eba]»m Jym + nj7m7

(2.9)

where 7, ,, is the noise component during the jth transmitted bit on the mth subcarrier. An

estimate of the received bit, lA)j,m, is based on the test statistic, Z;,, as follows

3 +1 if Z;m >0,
bjm = (2.10)
-1 if Z;, < 0.

Based on the result in equation (2.9), the signal power at the output of the integrator i

eb(aj,m)?, and the noise power is N, by definition. This yields an SNR, ;m, of the jth bi

14
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Figure 2.7: FFT-Based OFDM Receiver Block Diagram

on the mth subcarrier to be

ep(0; m )?
Vim = ——"(A}’ r (2.11)

By substituting this value into the BER equation, the resulting probability of bit error

during the jth signal element on the mth subcarrier is

26b

ij,m = Q (aj,m _]V—) . (212)

It is evident from this result that the probability of bit error for an OFDM system is equiva-
lent to the BER performance of traditional single carrier BPSK modulation in a flat channel

with gain of a; .

2.2 Code Division Multiple Access (CDMA)

Code division multiple access is a spread spectrum (SS) communication technique for the
transmission of digital information. A distinguishing characteristic of SS systems is that they

utilize a much larger bandwidth than necessary. This is done by spreading the message signal

15



over a large bandwidth with a PseudoNoise (PN) code. At the receiver, the identical PN code
is utilized to restore the original message signal. In SS systems, the PN sequence is only
known by the intended user, and the SS signal appears as wideband noise to unintended
receivers. As a result, privacy is inherent in SS systems. Spread spectrum systems also
benefit from a low power spectral density, which makes these systems very difficult to detect
by an unintended user. In addition, the spectral properties of the PN codes make signals very
resistant to intentional jammers. As a result of these benefits, SS systems were originally used
in military applications such as communications and guidance, where privacy and jamming
protection are imperative.

In the early 1990s, spread spectrum systems were introduced into the commercial market
by Qualcomm, in the form of Direct-Sequence Code Division Multiple Access (DS-CDMA).
These systems were standardized under the name IS-95. Direct sequence CDMA systems
provide multiple access by assigning users PN codes with low cross correlation. As a result,
many users can share the same bandwidth, because the users remain orthogonal due to the
cross correlation properties of the PN codes. These systems have performed very well in
cellular environments, and provide increased capacity over other multiple access techniques,
such as Frequency Division Multiple Access (FDMA) and Time Division Multiple Access
(TDMA) [3].

Spread spectrum signals are generated my modulating a baseband message signal, m(t),
with a PN sequence, c(t). At the receiver, a synchronized version of the identical PN sequence
is utilized for demodulation. The system block diagram for a typical SS system is shown in

figure 2.8. We let the message signal be represented as

m(t) = > bip(t = iT3), (2.1¢
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Figure 2.8: Spread Spectrum System

where the sequence b; = +£1, jeXR, and p(¢t — jT3) is the rectangular pulse shape defined
in equation (2.1). For simplicity of notation, the spreading signal is denoted c;, which

represents the continuous time PN sequence over the jth bit interval. This is expressed as

N
¢ =Y ciap(t — (N +n)T.), (2.14)

n=1

where c; is the nth chip in the PN sequence during the jth bit interval. The parameter
N is the length of the PN code, and T, is the duration of the PN chip. Since the spreading
sequence is designed to produce a signal with a wider power spectral density (PSD) than
the message signal, T, is much less than T,. The ratio of T to 7T, is referred to as the
processing gain. This can also be expressed in terms of the chip rate of the PN sequence
and the message signal as

Ty, Ry

PG == =—+-. ’ 2.15
Tc Rm(t) ( )

As mentioned previously, the transmitted signal, s(t), is generated by multiplying the mes-

sage signal with the PN sequence as shown in figure 2.8. This results in the SS signal
N
s(t) = Z bj ch,np(t -GN +n)T.) = Z bic;. (2.16)
j n=1 J
Figure 2.9 shows an example of signals m(t), c(t) and s(t), as well as the power spectral
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density (PSD), for a processing gain of four (T, = 47T,).

After applying the spreading sequence, the SS signal is upconverted to the carrier fre-
quency, and transmitted over a channel. This is done according to figure 2.5. An AWGN
channel with a unity gain is used in this analysis for demonstration purposes, resulting in

the received RF signal being expressed as

TRF(t) = SRF(t) + T](t). (217)

At the receiver, the signal is downconverted and filtered according to figure 2.5, which
recovers a noisy version of the transmitted baseband signal. The AWGN corrupted signal,
r(t), is correlated with the synchronized PN sequence, c;, to recover the message signal
during the jth signal element. The test statistic for the jth signal element at the output of

the correlator receiver is

Zj ZTLC t(i;-;b)Tb T(t)cjdt

. . (2.18)
- (+1T (G+1T;
= Ebj7 ftiij "{cic;tdt + £ ftim) * ¢;jmdt,
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where €. is the energy of the PN chip. Since j;(i;llw:Tb{CjCj}dt = NT,, this equation simplifies

to

1 fU+HDT
Zj = N-\/E—cbj + T—/ CjT]jdt. (219)
c Jit=jT,

An estimation of the transmitted bit, Bj, is then made based on the test statistic as follows

. +1 if Z; >0,
(2.20)

&
Il

~1 if Z; < 0.

Since the noise and the PN sequence are uncorrelated, we can show that the probability of

bit error, P;, for a BPSK modulated signal in AWGN noise is

a:@( %ﬂ. (2.21)

This result is identical to the probability of bit error for single carrier transmission with

BPSK modulation, as well as OFDM transmitted in a unity gain channel with AWGN noise.
Consequently, the SS signal can achieve benefits such as privacy and jamming protection

without impacting the BER performance.

2.2.1 PN Sequence Selection

The selection of a PN sequence is the most important aspect of SS communications. This
is the fundamental component of the system that provides the favorable qualities of CDMA
systems, such as privacy, jamming protection and multiple access. Some properties of PN

codes that are desirable for SS systems include a null DC bias, and a sharp autocorrelation
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peak [27]. These two characteristics are shown below respectively:

N
E ch} =0, (2.22)
and
R.() = E[cncn+b] = N(S(L)v (2-23)

where E[-] is the expected value, R,(:) is the autocorrelation function, and §(¢) is the impulse
function. A sharp autocorrelation peak is required to ensure that synchronization occurs at
the correct chip in the PN sequence at the receiver. If the autocorrelation function, R.(¢),
does not meet this criteria, the code may synchronize at the incorrect PN chip, and cause
bit errors. |

Another important property of the PN sequence is the cross correlation function. It is
desired that user-specific codes have very low cross correlation to allow multiple access to
occur through code division. If there is high cross correlation between users, the interference
power wil} be large, which degrades the performance of the system. We let the number
of users that utilize the SS channel simultaneously to be K, where the kth user has the

despreading signal c;.k). Ideally, the PN sequences possess the cross correlation function {27]

., N, k=K, =0,
Cl)=> ) ~ < 0 k=k,0<| <N, (2.24)
n=1
0, k#K,

where cﬂi{ is the PN chip of the k’th user, shifted by ¢ chips with respect to )
Equation (2.24) indicates that shifted versions of both the identical code, and other user

codes, produce a cross correlation of zero. This ensures that there is no interference when
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transmitt‘iﬁg in a multi-user environment without multipath fading. In practice, however,
there are no codes that satisfy all of these properties. The second condition can be achieved
by employing m-sequences, which produce a sharp autocorrelation peak. The problem with
these sequences is that they experience high levels of cross correlation, which results in
multiple access interference. To achieve better cross correlation properties, Walsh codes can
be utilized, which provide complete orthogonality between users, provided the sequences are

perfectly synchronized.

2.2.2 Multiple Access

One of the most desirable characteristics of SS systems is the ability to provide multiple
access. Multiple access is performed by assigning user-specific codes with low cross correla-
tion to different users occupying the same bandwidth. When the signals are received, the
orthogonality properties of the PN sequences allow them to be recovered independently.

If we assume that there are K users to be multiplexed onto a channel, each with an

orthogonal PN sequence, the total transmitted signal during the jth bit is
K
si(t) = Ve »_ bVe, (2.25)
k=1

where cg-k) is used for simplicity to denote the continuous time PN sequence for the kth user
during the jth signal element. Assuming that the signal is transmitted over the a channel
with AWGN noise, and that the received signal is synchronized with the local PN sequence,

the jth received signal element is

K
ri(t) = VEe 3 bci? + ;. (2.26)
k=1
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To receive the signal of the user 1, we correlate the received signal with the intended user’s

PN sequence, c g ), to construct the decision variable

DTy . (1 1) GH1)Ts K (k) £ (F) (1
\/_T ft.J_;-T,, bb ){ 2 ( }dt+\/—T tiij bzk_z {Cj ¢ }di

G+ (1)
+3 ftij ”C~ n;dt.

(2.27)

Since ft”l)T"{c(k)c Y dt = 0 for all k is implied in equation (2.24), and | JH)T"{ m}dt

NT,, we further simplify this equation to yield

(+DT

1
U NEbY + T / ctDnydt. (2.28)

t=ij

This result indicates that the user is able to' recover the intended signal by correlating with
the identical, synchronized PN sequence. It is also evident that since the cross correlation
between user codes is null, there is no interference caused by other users. As a result, many
users can share the identical bandwidth by utilizing orthogonal user-specific spreading se-
quences, and yield the BER performance shown in equation (2.21). In practical scenarios
there is typically interference present from spreading sequences that are not perfectly orthog-
onal, loss of synchronization, and fading. This has been shown to increase the probability

of bit error in the system [6].

2.3 Multicarrier CDMA

As mentioned previously, combinations of OFDM and CDMA are becoming popular because
they possess the inherent benefits of OFDM, which includes a resistance to ISI at high data
rates. The use of CDMA allows more granular and flexible multiple access, and may provide

a variety of other benefits such as increased privacy and diversity. We present various OFDM
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and CDMA combinations in the following sections.

2.3.1 Multicarrier CDMA (MC-CDMA)

The first combination of OFDM and CDMA to be proposed was Multicarrier CDMA (MC-
CDMA) [7]-[9]. In this multicarrier system, code spreading occurs in the frequency domain.
Each successive chip of the user-specific PN code is modulated to an adjacent subcarrier.
As a result, users transmit each bit on several parallel subcarriers simultaneously. The
transmitter architecture for MC-CDMA is shown in figure 2.10, and the transmitted signal

of the kth user is

M
s® (1) = \/256262"') Z fr(:;)p( — jTy)cos(wmt), (2.29)
7 m=1
where cf,(: ) is the mth chip in the frequency domain spreading sequence for the kth user

during the jth signal element. Since PN codes are selected that satisfy the cross correlation
properties denoted in equation (2.24), several users can occupy the identical subcarriers,
because orthogonality is provided by the user-specific PN sequences.

If we assume that the signal s(*)(¢) is transmitted through the channel model described

in equation (2.6), the received baseband signal is
= v/2¢, Z Z b Z Jk,,)l f,(,’: p(t — jTp)cos(wmt + Lp( ) ) +n(t), (2.30)

where ag is the fading gain and cp( ) is the phase shift on the mth subcarrier for the kth

user.

The received signal, r(t), is recovered with the block diagram shown in figure 2.11.

This signal is first converted into parallel format, where each branch is multiplied by a
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Figure 2.10: Oscillator-Based MC-CDMA Block Diagram

cosine function and filtered to demodulate each subcarrier. In order to recover the signal
transmitted by user 1, we multiply the received signal on the mth branch with the PN chip

F(1)
for user 1, ¢,

. The result is then multiplied by an independent gain for each subcarrier.
In order to maximize the SNR at the output of the correlator, Maximal Ratio Combining
(MRC) is employed to give more weight to subcarriers that experience more favorable fading

characteristics. In this combining algorithm, the weight given to the mth subcarrier is

(1)

- The result is then summed and

equivalent to the gain on the mth OFDM subcarrier, o
integrated over the period to recover the bit, b].1 . If we assume that there are no other users

accessing the channel, or if the interference term is null, the decision variable for user 1 is

3 M (1 (G+1)T;
= VED; Y (ol /t aler W mdt, (2.31)
m=1

=jTs

m=1

where 7;,, is the AWGN noise term on the mth subcarrier. Based on this result, the SNR

at the output of the correlator during the jth signal element is

FZ ). (2.32)
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Figure 2.11: Oscillator-Based MC-CDMA Receiver Block Diagram

Multicarrier CDMA systems are able to increase the SNR at the output of the integrator
when each subcarrier experiences independent fading. This occurs when the separation be-
tween subcarriers is less than or equal to the coherence bandwidth of the channel (1/T}, < B,).
This effect is referred to as frequency diversity, because each transmitted bit is signaled over

various independently faded frequency bands. The BER for a system employing frequency

. I:%(l_“)]Mjf(M—il+i) [%(l‘f‘“)]i’ (2.33)

i=0

— |
=/ 2.34
m T (2.34)

and 7, is the average SINR per subcarrier. This value depends on the signal power, as

diversity is [6]

where p is defined as

well as the interference caused by other users and the AWGN noise. If we assume that the

interference power is null, the average SNR per channel is

= %E[(am)z], (2.35)

o

where E[(ay,)?] is the average squared fading gain on the mth subcarrier.
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The problem with MC-CDMA systems is that an excessive amount of MAI may be expe-
rienced when transmitting through a channel with frequency selectivity. This occurs because
PN sequences lose orthogonality if the amplitude level of the PN chips is altered during the
bit period. Since each subcarrier experiences independent fading, and each subcarrier is
multiplied by one chip from the PN sequence, a loss of orthogonality is common. This inter-
ference power is further amplified as each user is added to the channel. As a result of this
excessive MAI, the performance of MC-CDMA systems have been shown to degrade with

high channel loads [22].

2.3.2 Multicarrier Direct-Sequence CDMA (MC-DS-CDMA)

Another combination of OFDM and CDMA is Multicarrier Direct-Sequence CDMA (MC-
DS-CDMA) [7]. In this scheme, narrowband DS-CDMA signals are transmitted in parallel
over OFDM subcarriers. Figure 2.12 shows the block diagram for the MC-DS-CDMA system,

and the transmitted signal is

N
\/2862 Z ptk) .cos(wmt Z ]f:)np( - (jN +n)T,), (2.36)

j m=l1 n=1
where chf,'f)n is the nth chip in the time domain PN sequence for the kth user on the mth

subcarrier.

If we assume that the signal is transmitted through the channel model described in

equation (2.6), the received signal is

N
\/ZECZZZI)J% A cos(wmt +9\0) 3" ch p(t — (iN +n)T.) +n(t), (2.37)
k=1 j m=1 n=1

where there are a total of K users occupying the channel. This signal can be detected by
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Figure 2.12: Oscillator-Based MC-DS-CDMA Block Diagram

utilizing the DS-CDMA receiver shown in figure 2.8, in each branch of the typical OFDM
demodulator. If we assume that there is no interference between users, the BER performance
is identical to a typical OFDM system shown in equation (2.12).

The benefit of MC-DS-CDMA is that it can provide a performance increase over DS-
CDMA systems that operate in wideband channels, because the narrowband subcarriers are
resistant to ISI. They are also very effective at providing multiple access with very low MAL
This occurs because the coherence time of the channel is generally much larger than the
duration of each transmitted bit. This allows the PN codes to retain orthogonality, unlike
MC-CDMA systems discussed in the previous section. It has been shown that MC-DS-
CDMA systems are able to outperform MC-CDMA systems when there are several users
accessing the channel simultaneously. Under low loads, however, the frequency diversity

gained by MC-CDMA allows it to achieve superior BER performance [22].

2.3.3 Orthogonal Frequency Code Division Multiplexing (OFCDM)

The third and most recently introduced combination of OFDM and CDMA is Orthogonal

Frequency Code Division Multiplexing (OFCDM). With this modulation scheme, spread-
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Figure 2.13: Oscillator-Based OFCDM Block Diagram

ing occurs in the time and frequency domains simultaneously. The block diagram for the

OFCDM transmitter is shown in figure 2.13, and the transmitted signal of the kth user is

M N
s®(t) = V2e, Z b;k) Z cff:)cos(wmt) Z cﬂi)np(t — (JN +n)T,). (2.38)
j m=1 n=1

The analysis of the received signal, SINR and BER performance of OFCDM is postponed
until chapter 4. This analysis is one of the main contributions of this thesis.

Since OFCDM employs time and frequency domain spreading simultaneously, it expe-
riences the favorable qualities of MC-CDMA and MC-DS-CDMA systems discussed in the
previous sections. The use of frequency domain spreading allows the system to benefit from
frequency diversity, while time domain spreading allows multiple access to occur with low
MAL As a result of these benefits, OFCDM has been shown to provide more favorable BER
performance than MC-CDMA and MC-DS-CDMA systems [11]-[13].

There are a variety of papers that have utilized simulations to examine spreading factors
that are favorable under different operating conditions for OFCDM [21]-[25] . In general,

these papers have found that a high frequency domain spreading factor is superior under
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low channel loads. This occurs because frequency diversity is achieved, while MAI remains
small because only few users access the channel simultaneously. If there is a requirement to
support a large capacity of users, however, time domain spreading should be prioritized to
minimize MAI. These papers have concluded that there are particular time and frequency
domain spreading factors that are the most favorable under various conditions. These results
are summarized in section 3.3.

The proposed adaptive subcarrier allocation ‘algorithm is utilized to further improve the
performance of OFCDM by allocating users to subcarriers that achieve a favorable SINR,
while minimizing MAI. Since OFCDM systems are capable of operating with different spread-

ing factors, it is the goal to improve BER performance under all configurations.
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Chapter 3

Literature Survey

Over the past years, a considerable amount of research has been performed regarding adap-
tive subcarrier allocation methods for Multicarrier CDMA and OFDM. In general, the goal
~ of this research has been to maximize throughput and minimize the BER by assigning users
to subcarriers that provide the best transmission characteristics. It is noticed that when
utilizing multicarrier modulation schemes, several bit errors occur on subcarriers that expe-
rience high levels of noise, or high attenuation. Conversely, a very low BER is observed on
subcarriers that experience favorable conditions. As a result, the poor subcarriers tend to
dictate the overall BER experienced by these systems.

To overcome these problems, many systems incorporate adaptive subcarrier allocation to
avoid or limit transmission on poor subcarriers. In a cellular environment, this idea can be
extended to multiple users. Since the fading characteristics of the subcarriers are independent
for users in different spatial locations, a particular subcarrier may be favorable for one user,
while it may increase the BER for other users. Consequently, adaptive subcarrier allocation
can be utilized to optimize the overall throughput and BER for a particular cell.

In this chapter, a literature survey regarding several adaptive subcarrier allocation meth-
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ods is discussed. Section 3.1 deals with adaptive subcarrier allocation algorithms for MC-
CDMA systems, which achieve multiple access with frequency domain spreading. In section
3.2, adaptive MC-DS-CDMA systems are evaluated, which employ time domain spreading.

This is followed by a review of papers that explore combined time and frequency domain

spreading in section 3.3.

3.1 Adaptive MC-CDMA

In traditional MC-CDMA systems, frequency domain spreading is used to transmit data
over contiguous subcarriers throughout the entire spectrum. Although this maximizes per-
formance gains from frequency diversity, high MAI may be present. This occurs because all
users are multiplexed onto the same set of subcarriers. Although the subcarriers are orthogo-
nal when there is no multipath fading, the frequency selective channel destroys orthogonality
between spreading codes. In addition, the BER may be increased by transmitting on poor
subcarriers. As a result, adaptive MC-CDMA has been proposed, where a limited number
of favorable subcarriers are employed to overcome these problems. In this section, various
adaptive subcarrier allocation algorithms for MC-CDMA are discussed in detail, and are
related to the algorithm proposed in this thesis.

In [14], a frequency division MC-CDMA (FD-MC-CDMA) system is developed that em-
ploys adaptive subcarrier allocation and frequency domain spreading. Instead of utilizing
every subcarrier in the spectrum, this scheme assigns each user to a fraction of the total
subcarriers, which are equally spaced throughout the spectrum. This spectral allocation
is shown in figure 3.1. This scheme produces a performance improvement over employing
adjacent subcarriers. The lower spreading factor reduces MAI because fewer users share the

same set of subcarriers. Also, since the subcarriers are separated throughout the entire spec-
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Figure 3.1: Spectral Allocation for 32 Subcarrier FD-MC-CDMA

trum, each subcarrier is likely to achieve completely independent fading. This characteristic
is necessary for the system to maximize the benefit from frequency diversity. Simulation
results indicate that for a target BER of 1072, the required E,/N, of the system is reduced
by more than 2dB compared with a traditional MC-CDMA system. This result is significant
because the system is able to provide a performance improvement simply by reducing the
number of subcarriers in each group, and by spacing them non-contiguously throughout the
spectrum.

Another MC-CDMA system is examined in [15], which involves adaptive band selection
with frequency domain spreading. In this system, users are permitted to select the set of non-
contiguous subcarriers where the best fading conditions exist. It is found that when users
select only the best one or two subcarriers, an improvement of 8dB is yielded at a target BER
of 1072, compared with traditional MC-CDMA systems that utilize the entire bandwidth. It
is also found that as more subcarriers are utilized in each group, the performance is degraded
due to excessive MAI

In [16], two adaptive MC-CDMA schemes are proposed that allow frequency hopping
and frequency domain spreading. At each frequency hop interval, users select a different
set of equally spaced subcarriers from the available bandwidth. This allocation strategy is

shown in figure 3.2, at three different hopping intervals. In the first proposed scheme users
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Figure 3.2: Subcarrier Allocation Groups for Frequency Hopping MC-CDMA a) first hop,
b) second hop, c¢) third hop

randomly select the frequency group, and in the second scheme selection is done such that
the number of users in each group is equalized. The results indicate that with 32 mobile
users utilizing a spreading factor of 64, the BER error floor is reduced from 3x10~4 to 3x10~5
when the number of users in each group is equalized. This occurs because heavily loaded
subcarrier groups produce considerably more MAI than less occupied groups, and this tends
to dictate the overall BER performance. It is also found that BER improvement is more
pronounced when MAI is limited by selecting a fewer number of subcarriers in each frequency
hopping group. In particular, the system is able to reduce the BER floor to 2x10~% when
the spreading factor is reduced to 32.

In [17], an analysis of the BER performance is determined for MC-CDMA as the frequency
domain spreading factor is varied. The results indicate that if MAI is neglected, the BER
performance improves as the spreading factor is increased. This is a result of improved
frequency diversity as the CDMA signal is transmitted over several parallel subcarriers,
which each experience independent fading. Although MALI is neglected in this experiment,
it is expressed that a balance must be found between increasing the frequency diversity and

the resulting MAL This study also examines the use of frequency hopping with frequency
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domain spreading, and concludes that while frequency hopping allows the system to reach
the theoretical limit for frequency diversity, it also amplifies the problems with MAI

In each of these papers, adaptive MC-CDMA is investigated. It is generally determined
that more favorable performance occurs when fewer subcarriers are utilized in each group,
and when users adapt to the best subcarriers. Based on the performance improvements
realized with these schemes, several of these ideas are incorporated into the proposed sys-
tem. Firstly, due to the performance improvement realized in [14], small subcarrier groups
are spread throughout the spectrum to ensure independent fading and minimal MAI. The
proposed system also selects the group of subcarriers that has the best SINR characteristics.
This is based on the results found in [15] and [16]. In [15], it is found that equalizing the
interference power in each group provides improved BER performance, while [16] found that
choosing subcarriers with high fading gains produces better performance. With the proposed
algorithm, the SINR is utilized to assign users to subcarriers with high fading gains, while

minimizing MAI simultaneously.

3.2 Adaptive MC-DS-CDMA

In MC-DS-CDMA, DS-CDMA signals are transmitted in parallel over each of the subcarriers.
Although this limits MAI caused by the frequency selective channel, there is no additional
frequency diversity because only one subcarrier is utilized during each transmission interval.
Consequently, if a destructive fade occurs on the user’s subcarrier, the entire transmission
may be corrupted. As a result, a substantial amount of research has been performed on
adaptive subcarrier allocation for MC-DS-CDMA to improve BER performance. In this
section, various proposed schemes are discussed in detail.

In [18], a reverse link MC-DS-CDMA system is proposed where each user transmits
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a single DS-CDMA waveform, which hops to the subcarrier that is expected to minimize
the overall BER for the cell. Since it is possible for many users to select the identical
subcarrier, a high spreading factor is utilized so users can be uniquely identified. This
paper indicates that while it may seem logical for each user to select the subcarrier with the
best fading gain, this may cause a large amount of interference to other users that select
the identical subcarrier. As a result, this algorithm utilizes the water-filling principle to
select subcarriers that minimize the BER for the entire system. With this strategy, users
are recursively assigned to subcarriers with the highest fading gain, while the interference
caused by other users is minimized. The results indicate that the proposed system improves
BER performance by approximately 2dB compared with single carrier CDMA systems.

A very similar approach to [18] is taken for the forward link in [19], where a single
DS-CDMA waveform is transmitted over the subcarrier that exhibits the best fading char-
acteristics. In this algorithm, the authors claim that users must be assigned to subcarriers
with the best fading gain, because the SINR is not known at the mobile terminal. The
simulation results suggest that the proposed system achieves a performance improvement of
approximately 4dB at a BER of 107, Again, these results indicate that transmitting over
only the best subcarrier can improve the BER compared with traditional MC-DS-CDMA
systems.

In [20], another forward link MC-DS-CDMA structure is investigated. The users in this
system signal the gain of each subcarrier to the Base Station BS), where a sub-optimal
subcarrier allocation method is performed thereafter. This suboptimal assignment strategy
assumes that other users continue to utilize subcarriers from the previous transmission inter-
val, while assigning current users to the subcarriers that provide the best SINR. The results
indicate that the system experiences a BER improvement over the results from [19] when

a large number of users are present in the system, but is outperformed with fewer users.
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This improvement occurs because [20] considers the interference generated by other users.
One source of uncertainty in this paper is the assumption that the channel quality matrix
is constant over several transmission intervals. Although this is a fair assumption in a slow
fading environment, BER performance may be degraded at high user velocities.

In each of these papers, it is shown that transmitting a DS-CDMA waveform over only the
most favorable subcarriers improves performance considerably over non-adaptive MC-DS-
CDMA. These articles also indicate that the BER performance of the system is maximized
when the interference caused by other users sharing the subcarriers is considered when
allocating subcarriers. As a result, the proposed algorithm utilizes a variation of the water-
filling principle that is employed in [18] to minimize the BER of the cell. This allows the
system to account for the fading characteristics and interference power caused to other users

simultaneously.

3.3 OFCDM

As mentioned previously, the objective of this thesis is to develop a novel adaptive subcar-
rier allocation algorithm for multicarrier CDMA with time and frequency domain spreading.
While adaptive subcarrier allocation is a popular research area for MC-CDMA and MC-DS-
CDMA systems, this is the first algorithm to be developed for OFCDM. This technology has
recently become the focus of much research, as it has been shown to provide excellent per-
formance in wideband wireless channels. In this section, we provide a summary of previous
work done in this area.

Multicarrier CDMA with time and frequency domain spreading was originally proposed
by Xiao et. al. in [11]. In this paper, the concept of two-dimensional spreading is proposed,

and the BER performance is evaluated with different diversity combining strategies. The
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results indicate that two-dimensional spreading provides a performance improvement over
signalling with time or frequency domain spreading individually. They conclude that perfor-
mance is improved over MC-DS-CDMA because the frequency domain spreading provides
an anti-fading capability due to frequency diversity. In addition, time domain spreading
reduces MAI, which allows the system to outperform MC-CDMA.

Another evaluation of OFCDM is provided by You et. al. in [12], where closed-form
BER performance evaluations are performed considering various time and frequency do-
main spreading factors. This research indicates that OFCDM performs better than MC-DS-
CDMA systems due to enhanced frequency diversity. This study also examines the scenario
where multipath components are received on the subcarriers. In this case, the RAKE receiver
is shown to improve BER performance due to multipath diversity.

In [13], numerical performance measures are derived for OFCDM with a similar method-
ology as was done in [12]. The performance is evaluated under different channel loads and
users velocities. The results indicate that two-dimensional spreading provides superior per-
formance for all channel loads because MAI is minimized with time domain spreading. In
addition, better performance is achieved with high Doppler frequencies, because time diver-
sity is achieved from spreading in the time domain.

With the favorable results presented in this area, there has been several papers that
utilize simulations to evaluate spreading factors that provide the best performance in different
channel conditions. In [21], simulations are performed to determine the effect of time domain
spreading on an OFCDM system. These simulation results from this study are shown in
figure 3.3. The findings indicate that when there are few users in a cell, the frequency domain
spreading should be prioritized because frequency diversity is achieved with minimal MAL
When more users are added to the system, it is necessary to utilize a larger time domain

spreading factor to reduce MAIL This paper indicates that if the number of users is moderate,
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a combination of time and frequency domain spreading provides a reasonable compromise
between diversity and MAI

These results are further emphasized in [22], where a more quantitative analysis of the
spreading factors is examined considering the delay spread and Doppler frequency of the
channel. The results indicate that under heavy channel loads with a small delay spread,
the frequency domain spreading factor can be increased in order to benefit from improved
frequency diversity. If the delay spread of the channel becomes too large, however, the
spreading factor should be reduced to ensure MAI is minimized. This paper also found that
a higher frequency domain spreading factor should be utilized under light channel loads.
The time domain spreading factor is also investigated. Simulations are performed with
Doppler frequencies ranging from 20Hz to 1500Hz. The results suggest that for low Doppler
frequencies, a large time domain spreading factor can be employed, regardless of the channel

load. When the Doppler frequency is increased to 1500Hz, which corresponds to a user
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velocity of approximately 300km/h, the time domain spreading factor should be reduced to
between 4 and 8.

In each of these papers, the performance of OFCDM is evaluated. It is determined that
the combination of time and frequency domain spreading improves performance over MC-
CDMA and MC-DS-CDMA systems because of improved frequency diversity and a reduction
of MAI. The limitation of these systems is that users are assigned to subcarriers randomly.
This reduces system performance because users may be assigned to subcarrier groups that
have poor fading characteristics, or high levels of MAIL In order to improve the performance
of OFCDM, we develop an adaptive subcarrier allocation algorithm to minimize the overall
BER of the system. This is accomplished by assigning users to subcarriers based on the
fading conditions and MAI experienced on the subcarriers. With the proposed algorithrﬁ,
we are able to improve BER performance regardless of the spreading factor employed by the

system.
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Chapter 4

Adaptive Subcarrier Allocation

In chapter 3, various adaptive subcarrier allocation algorithms are presented for MC-CDMA
and MC-DS-CDMA systems. Many of these algorithms are able to significantly outperform
the respective non-adaptive systems in terms of BER performance. In many cases, a reduc-
tion in the BER floor is achieved, as well as improvement in the noise limited region of the
BER curve. These papers have found that when MC-CDMA systems are heavily loaded,
small subcarrier groups perform better because less MAI is produced. It is also found that
selecting the best subcarriers and equalizing the interference in each group provides an im-
provement in BER performance. For the adaptive MC-DS-CDMA systems, performance
improvements are achieved when subcarriers with the best fading conditions are used for
each transmitted bit, and when subcarrier allocation minimizes MAI to other users on the
same subcarriers.

Based on these favorable results, a reverse link adaptive subcarrier allocation algorithm
is developed for OFCDM. To the best of the author’s knowledge, this is the first work that
deals with adaptively allocating subcarriers for OFCDM. This algorithm is developed with

the intention of minimizing the overall BER for OFCDM under all spreading factors.
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Since OFCDM achieves its favorable performance by employing time and frequency do-
main spreading simultaneously, the proposed algorithm combines several ideas that are effec-
tive in MC-CDMA and MC-DS-CDMA systems. The basis behind the proposed algorithm
is to separate the total spectrum into small groups of non-contiguous subcarriers as was done
in [14]. This is done to maximize gains from frequency diversity, and to minimize MAI that
may be caused from frequency domain spreading. At the base station, the users are assigned
to subcarriers based on the instantaneous SINR characteristics of the subcarriers in each
non-contiguous group. This methodology is similar to the adaptive MC-DS-CDMA intro-
duced in [18], however it is extended to a group of subcarriers. As a result, users are assigned
to subcarriers such that the average SINR of the system is maximized. This is accomplished
by allocating users to subcarrier groups with the most favorable fading conditions, while
interference caused to other users is minimized simultaneously.

In section 4.1, we discuss the subcarrier grouping strategy that is utilized to maximize
frequency diversity and minimize MAI. Following this, we provide the system model for the
adaptive OFCDM system in section 4.2. This includes a description of the transmitter and
receiver, as well as the channel model used in the simulations. This section also derives
the closed form expression for the SINR and BER performance of the adaptive system.
Finally, in section 4.3 we present a detailed explanation of the adaptive subcarrier allocation

algorithm for OFCDM.

4.1 Subcarrier Grouping

As shown in [14], utilizing small subcarrier groups can provide a significant performance
improvement in MC-CDMA systems that employ frequency diversity. As a result of these

findings, the proposed algorithm divides the subcarriers into several small, non-contiguous
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‘groups of that are equally spaced throughout the spectrum. The user groups, denoted G;

ye{1,2,...,Y}, contain the following subcarriers
Gl = {ml,m1+#,m1+2w e ,m1+MW},
Gy = {m2, Mot Mooy, - - - ,m2+M2u},
(4.1)
Gy = {my, My 1u, My 42, - - - 7mY+1\/fyp,},

where there are M,, subcarriers in group y, and 4 is the spectral separation between subcar-
riers. There are a total of Y subcarrier groups in the system, where in general, the spectral
separation of subcarriers is identical to the number of subcarrier groups. A graphical example
of the subcarrier grouping strategy is showﬂ in figure 4.1, with four subcarrier groups.
Since the subcarriers in each group are separated equally throughout the provisioned
bandwidth, the frequency spacing is likely to be larger than the coherence bandwidth of the
channel. This ensures that there is uncorrelated fading on all subcarriers in any given group,
allowing the system to achieve the maximum benefit from frequency diversity. Also, since the

number of subcarriers in each group is small, the amount of MAI caused by frequency domain

:l Group 1 l: Group 2 - Group 4

Figure 4.1: Subcarrier Allocation with 4 Subcarrier Groups
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spreading is minimized, because fewer users access the same subcarriers simultaneously. In
this thesis, we evaluate the proposed algorithm with various spreading factors, which each
utilize a different number of subcarriers in each group. These results are presented in chapter

5.

4.2 Adaptive OFCDM System Model

In this section, the system model for the adaptive OFCDM system is presented. Since this
adaptive system operates in the reverse link, the OFCDM transmitter is located at the

mobile terminal, and the receiver is at the base station.

4.2.1 Adaptive OFCDM Transmitter

The adaptive OFCDM transmitter architecture is similar to the block diagram presented
in section 2.3.3, however it incorporates an adaptive subcarrier allocation block that allows
subcarriers to be selected adaptively based on the channel conditions. The parameters
utilized by this block, v](.,’jfl, are determined by the adaptive subcarrier allocation algorithm
that occurs at the base station.

The block diagram for the transmitter of the kth user is shown in figure 4.2. The bit-
stream, by‘), is first impulse modulated with BPSK to form a sequence of complex modulated
symbols, d§k). Since BPSK modulation is utilized, the sequence dﬁk) = =+1, jeN. This se-
quence is sent through the rectangular pulse shaping filter with the response p(t—(j N +n)Tc),
where T, is the duration of the PN chip. The resulting continuous-time signal is then passed
through the adaptive subcarrier selector block. This block places copies of bﬁ.k) onto the

subcarriers defined by the adaptive subcarrier allocation algorithm. Following this, each

subcarrier is multiplied by the mth chip in the user’s frequency domain spreading sequence,
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Figure 4.2: Block Diagram for the Adaptive OFCDM System

F®

im - Lime domain spreading is then performed by multiplying each subcarrier with the

user-specific time-domain PN chip, c]Tgf)n After spreading is performed, the signals on each
parallel branch are modulated to the corresponding subcarrier frequencies, wy,. Finally, the

result is summed to produce the transmitted signal for the kth user

N
s® (¢ \/2ECZ p®) Z v](l;)l f,(,f)cos Wmt) Z ff,f)np(t - (N +n)T,), (4.2)
n=1

(k)

where the parameter v, is defined as

k) 1 if the mth subcarrier is selected for user k,
vjam = (4'3)
0 otherwise.

More specifically, v](kn)l = 1 if the mth subcarrier is assigned to the kth user by the adaptive
subcarrier allocation algorithm. If the mth subcarrier not assigned to user k, U](?z =0. In
this case, the kth user does not transmit data over the mth subcarrier.

After the baseband signal is generated the signal is upconverted to the carrier frequency



according to figure 2.5. This produces the RF modulated OFCDM signal for the kth user,

k
Sur(t).

4.2.2 Channel Model

In this experiment, we assume that the channel is slowly varying with respect to the OFCDM
bit duration, 7;. This is a valid assumption for 4G systems because the Doppler spread
is generally much smaller than the subcarrier bandwidth. We also assume that the chip
duration, T¢, is equivalent to the RMS delay spread of the channel. This indicates that each
subcarrier experiences independent, frequency non-selective fading. The resulting frequency

domain response on the mth subcarrier for the kth user is
. (k)
H,m = 05’ (4.4)

where a(

is the Rayleigh fading gain for the kth user, on the mth subcarrier during the jth
transmitted bit. This value is independent for all K users and M subcarriers. The phase,
¢§{c%, is a uniformly distributed random variable over [0, 27), which is independent for each
bit, subcarrier and user.

Since all mobile terminals transmit simultaneously, the RF signal received at the base
station is a summation of all users signals transmitted during the jth signal element. These

signals are all corrupted by independent fading conditions, as well as AWGN noise. Conse-

quently, the received signal is expressed as
rre(t) = Zs () * Y (2) + n(2), (4.5)
where h(¥)(t) represents the time domain impulse response across all subcarriers for user k.
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4.2.3 Adaptive OFCDM Receiver

At the base station, the RF modulated signal, rgp(t), is downconverted with the block

diagram shown in figure 2.5. This recovers the noisy baseband signal

K k k) F(k)
r(t) = VZECZA:] Zj b; )Zm 1 ](m A5 mCim

(4.6)
co8(wt + @) SN ) p(t — (GN +n)T) + n(t).

The transmitted data is then recovered with the base station receiver block diagram
shown in figure 4.3. If we wish to recover the data transmitted by user 1, we first convert

r(t) into parallel format and multiply by the subcarrier allocation coefficients for user 1,

e

V;jm- This ensures that only the allocated subcarriers are detected at the base station.

Following this, the signal on each subcarrier is restored to the baseband by multiplying with
a sinusoid matched to the carrier frequency. This is followed by low pass filtering to remove
the image frequency caused by demodulation. We then correlate the received signal with
the synchronized time and frequency domain PN sequences for user 1. The signal on the

mth subcarrier is first correlated with the synchronized time domain PN sequence for user

1, cﬂi). The output of each time domain correlator is then multiplied by the frequency
(9 =) 2 |
V2 cos(ayt - q)(k)) cf®
. ¢ ¢ ® k)
10— smer| o o | T BT o i
Selector KL S
v . .
o Oma O
V2 cos(a, - 9, ) AV

Figure 4.3: Block Diagram for Adaptive OFCDM Receiver
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domain PN chip of user 1, ¢; ( ) , to remove the frequency domain spreading. The output
of this stage is multiplied by the path weight for the corresponding subcarrier. Since this
receiver uses the MRC algorithm defined in section 2.3.1 to maximize the SNR at the output
of the correlator, the gain for each subcarrier is equivalent to the fading gain, ail,)n This
value is determined by estimating the fading gains at the receiver. The output from the
subcarriers is summed, integrated over the bit period, and sampled to produce the decision

variable

G+1T
L @ 0 FQ) (1
z}) = T " Z Uy mCim Z ¢ mnP(t=(FN+n)T) LPF {r(t)v2cos(wmt—pjon) }dt.
(4.7)
For simplicity of further calculations, the decision variable is expressed in terms of the desired

signal, D](-l), interference term, I ]( and the noise term, 77] . As a result, the decision variable

during the jth signal element for user 1 is simplified to
ZM =DM + IV 4. (4.8)

To determine the desired signal for user 1, we consider the received time and frequency
domain PN sequences that correspond to the user. The chips from these sequences are

denoted ¢f®)  and ¢, ( ) respectively. At the output of the correlator, the resulting desired

7,m,n
signal is
a 1 UHT (1) > (1) (1) (1) F(1) T(1) T(l ‘N T\d
Dj T t=iTh Scbj Zvj’m(a {J»m JW}Z{ ]mn Jmn ( _(.7 +n) c) t.
=746 m=1

(4.9)
Since b(l) {FDFDY and (@ o (1) 12 are constant over Ty, they can be taken outside the integral.

]m ]m

For simplicity, we can also convert the integral over T into a sum over individual chips. The
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resulting desired signal is

M P FQ) o) 1) (iN+n+1)Te _
= \/€_Cb§-1) Evg(erz(ag(l J7(n ]fn } Z{ Cimn ]mn p(t—(jN+n)T,)dt.
m=1

t=(jN+n)T.
(4.10)
The rectangular function, p(t — (jN + n)T.), has a constant amplitude of unity over Tc. In

F
addition, since the system PN codes are synchronized at the receiver, { N,i) ¢, ,(,1) } =1and

{CT(I) T(1)

2 mnCimn) = 1. Consequently, the decision variable is simplified to

DY = Neb” > (o), (4.11)

meGy

where meG, represents the set of subcarriers that are in group y.

The interference term is the unwanted noise from other users. In this calculation, we omit
correlation with the intended user’s PN sequence, and consider the correlation between user
1 and the remaining users in group y. Ideally the interference term is null because of the cross
correlation properties of the PN sequences shown in equation (2.24). In practice, however, -
the fading channel destroys orthogonality between spreading sequences. This results in the

interference term

pk) (k) F(1) F(k) k 1
\/E_CZkeGy J ZmEGy ]m ]mc]m C]m COS(Q%% (105,7)n)

(+1)Th N T(k .
‘T, ftigTb b n=1 ]£n)n ]En)np( (]N+1’L)Tc)dt,

(4.12)

where keG, is the set of users that utilize group y simultaneously.
The received noise term, 7(t), is processed through the demodulator with the identical
steps as the desired and interference terms. Consequently, it is multiplied by the time and

frequency domain PN sequences, as well as the finger weights for each subcarrier. The
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resulting noise term at the output of the correlator is

(G+1)T
1 (1) F) 1
=" al et~ 7). T(l)np(t — (JN +n)T)LPF{n(t)V2cos(wmt — ¢{)) }dt.
m= 1 =it p= 1

(4.13)

4.2.4 SINR Calculation

In order to determine the BER performance of the proposed system, the SINR is calculated
for each transmitted bit. This SINR calculation is also performed at the base station for
the adaptive subcarrier allocation algorithm proposed in this thesis. The SINR during the
jth signal element, ;, is defined as the signal power divided by the interference and noise

power. This relationship is expressed mathematically as

Py

(1 _ d;
v = T (4.14)
’ B+ Py,

where Py, is the power of the desired signal, FP; is the interference power, and P, is the
noise power. .

The power of the desired signal is determined by finding the variance of DJ(.I) at the
output of the correlator. Since the desired signal has zero mean, the resulting signal power
is

2
Py = var[DV] = N EC[Z( ;};)} | (.15)

meGy

The interference power can be calculated with a similar method, however it can be
approximated as a Gaussian random variable for OFCDM systems [12],[13]. Under this
assumption, the interference power is calculated by dividing the total signal power from all
interfering users by the total processing gain of the system. This is found to be a valid

approximation when the number of subcarriers in the system is moderate to large, and the
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input data symbols are random [12],[18]. Based on this assumption, the resulting interference

power is

Py = Ne(Ky — )E[()?] 3 (afp)?, (4.16)

meGy
where K, is the number of users occupying group y simultaneously, and E[(ay)z] is the
average fading gain for the K, users and M, subcarriers in group y.
Finally, the noise power is calculated by finding the variance of the noise signal, 775-1). The

resulting noise power is

P, = Var[p{"] = NN, 3~ ()2 (4.17)
meGly
Based on these terms, the SINR for user 1 can be calculated on each group during the
jth signal element. The resulting SINR. on subcarrier set Gy, for user 1 is
(1) N€c ZmeGy (ag}'rax)Q

5% = (K, ~ D)eoE[(ag)2] + Ny (418)

It is evident from this equation that the SINR is dependent on the fading gain of the trans-
mitting user, the number of other users in group y, and the average fading gain of the other
users accessing the group. The goal of the adaptive subcarrier allocation algorithm is to

utilize these parameters to maximize the average SINR in the cell.

4.2.5 BER Performance

The BER is an important performance measure for any digital communication system. This

is calculated based on the SINR at the output of the correlator for each user. The probability
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of bit error for user 1, on subcarrier set Gy, is calculated with the equation

PV =q (\ /271(}G’y) : (4.19)

Although the random variable %(',1111 follows a Rayleigh distribution, only the group of
subcarriers that maximize the average SINR is utilized during any given Transmission Time
Interval (TTI). As a result, the adaptivity of the system prevents us from further simplifying
equation (4.19). Instead, a Monte Carlo analysis is performed with values generated from a

Rayleigh distribution. These results are shown in chapter 5 for various spreading factors.

4.3 Subcarrier Allocation Algorithm

In this section we describe the novel adaptive subcarrier allocation algorithm for OFCDM.
As mentioned previously, the goal of this algorithm is to assign users to subcarriers that
maximize the overall BER performance of the system. If we examine the SINR equation for
OFCDM provided in (4.18), it is evident that SINR is dependent on the fading gain of the
intended user, the number of users in each group, as well as the average fading gain for the
subcarriers in the set.

It may seem logical to assign each user to the group of subcarriers that provides the
highest SINR. The problem with this methodology, however, is that while it maximizes the
SINR for the intended user, the interference caused to other users is maximized as well. This
occurs because the expected value of the fading gain in each group, & [(aﬁ,k,ll)r"], is increased
by selecting the set of subcarriers with the largest agl‘,zl Instead, in this algorithm we assign
users to subcarrier groups that provide the highest possible SINR, while simultaneously

minimizing the interference caused to other users accessing the same subcarrier set.

To produce this desired effect, we base the proposed algorithm on the water-filling prin-
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ciple as was done in [18]. In this paper, the subcarrier adaptat.ion algorithm was shown to
effectively minimize the overall BER for the cell, while requiring a low computational com-
plexity. Although this algorithm is shown to be slightly suboptimal at high values of Ey/N,,
it is significantly less complex than using an optimal strategy such as Goal Attainment (GA).
The water-filling principle states that given parallel channels with Gaussian noise, informa-
tion should be first provisioned to channels with lower levels of noise to achieve maximum
channel capacity. Since the interference power is modelled with a Gaussian distribution
for OFCDM systems, we can apply the water-filling principle recursively to assign users to
subcarrier sets.

With this algorithm, the SINR for each possible user-group combination is calculated
based on equation (4.18). The subcarrier group with the highest SINR is then identified for
each user. This represents the subcarrier group that will produce the best BER performance
for each user. Instead of assigning each user to the most favorable group, the user with
the most favorable group with the lowest SINR is provisioned to the subcarrier group first.
This is done to reduce the average fading gain in the group, and consequently reduce the
amount of interference to other users. The interference caused by this user is then utilized
to recalculate the SINR for the subcarrier group that was previously assigned. This process
continues recursively until all users are assigned to subcarriers. The result of this algorithm
is that each user has the ability to select the most favorable subcarrier, however priority
is given to users that produce the lowest amount of interference at the output of the base
station’s correlator receiver. The flow chart for this algorithm is shown in figure 4.4.

Before subcarrier allocation is performed at the base station, the fading gains for each
user is required. In this thesis, we assume that the fading gains are perfectly estimated at the
base station. This can be accomplished with a variety of methods, such as decision directed

estimation, training sequences and pilot signals [5]. We do not discuss these principles here
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as they are beyond the scope of this thesis.

4.3.1 The Algorithm

Step 1: Determine the fading gain of each subcarrier for all K users. These gains are

expressed as

- y
oV o o o
@ @ (2)
a a ... [0 4
A= 7 Mo (4.20)
K K K
ol o) o |

where o¥ is the gain of the mth subcarrier for the kth user.

Step 2: Calculate the SINR on each group for all K users. Since there are no users assigned
to subcarriers at the beginning of the algorithm, the interference power is null. In this case,

the SINR simplifies to the SNR

k
o _ NS, (o)

Yy N, (4.21)
This process yields the SNR for each user-group combination as
[0 A ]
- 75.2) ’Y%Z) . ,Y;g) | (822
|40 0 P |

Step 3: Define the set Q = {8M,8@,...,8%)}, where B*) is the maximum number of
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substreams that can be transmitted by the kth user.

Step 4: Find the subcarrier group that has the largest 7§k) for all K users. The group

with the maximum SINR for user k is found as

77(1’161)12 - max{71 772 PR 7’7}’)} (423)

If 8% = 0 we avoid this user because there are no remaining substreams available for allo-
cation. We record the index of the subcarrier group that produces the largest value for all

K users. This index is denoted yT(,’fc)zz

Step 5: Find the smallest value in the set 7,(,3@ This corresponds to the subcarrier group

with the best fading gain, which causes the lowest amount of MAI to other users.

7m2n - mln{fymax: ’y'fnaa;a et 77ma,z} (424)

Record the index of the user with the lowest SINR value, denoted &p,n.
Step 6: Assign user £, to the subcarrier group y,(n,’;”") This effectively assigns the sub-
carrier group with the highest SINR for user k,;,. Since it is the smallest value in the set

I .
'Y'r(ngz, it minimizes the interference to other users.

Step 7: Recalculate the SINR for the subcarrier group that corresponds to yﬁn””"). The

SINR is recalculated by incrementing parameter K, to reflect the additional user occupy-

ing subcarrier set y. The SINR for the entire column representing group y,(,’f;";") of ¢ is
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recalculated according to the SINR equation

k
# _ Necd e, (ot

YT KeB (e + N,

for ke{1,2,...,K}. The term E[(o{")?] is updated as

?

Bl(ey)?] = 2 30 32 (o),

YV keGy meG,

(4.25)

(4.26)

Step 8: Decrement the number of available substreams for user k., If the entire set Q = 0,

return to Step 1. Otherwise return to step 4.

Define the Find the group Identify the user
Determine the | Calculate the SNR —ﬂ number of —» with the largest with the smallest
subcarrier gains for each user/group substreams SINR for each SINR group
for each user user

3

'

Yes No
Check if all Decrement the Recalculate the Allocate the user
substreams are available substreams SINR for the to the subcarrier
assigned to the assigned user subcarrier group group

Figure 4.4: Adaptive Subcarrier Allocation Flowchart

After all substreams for each user are allocated to subcarriers, the base station signals

the subcarrier allocation parameters to the mobile terminals on the forward link. These

parameters include the index of the subcarrier group and spreading code. The kth mobile

terminal then translates the group index into parameters UJ(Q, before the signal is modulated.
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As a result, if group y is provisioned to the user, 03(721 = 1 for meG,. Following this, the mobile
terminal transmits data to the base station for the duration of the subcarrier adaptation
update period. At the next update time, the next set of subcarriers is assigned based on the
algorithm above.

As mentioned previously, one of the main benefits of the proposed algorithm is that
it assigns users to subcarriers with low complexity. It is evident from the algorithm that
one substream is assigned during each iteration. Since the kth user has ) substreams,
the algorithm is guaranteed to converge after Z,I;l B iterations. If we assume that each
user is assigned [ substreams to achieve the same throughput, the number of iterations

simplifies to K - 3. Since the complexity of the system varies linearly with the total number

of substreams, the algorithm can be easily implemented at a cellular base station.
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Chapter 5

Numerical Results and Discussion

In this chapter, a Monte Carlo analysis is utilized to evaluate the BER performance of
the adaptive subcarrier allocation algorithm for OFCDM. We compare the performance of
adaptive OFCDM with traditional OFCDM under various spreading factors to examine the
effectiveness of the proposed algorithm. This chapter is organized as follows. In section
5.1, the system parameters and channel model are presented. The BER performance of the
adaptive and non-adaptive OFCDM systems is then evaluated with various spreading factors

in .section 5.2.

5.1 System Parameters

To emulate the performance of the proposed algorithm, parameters are chosen for the
OFCDM system that are typical for 4G wireless systems. As a result, the carrier frequency
of the system, f,, is selected to be 5GHz. The reverse link channel bandwidth is 20MHz,
which is sufficient to support the uplink requirements of high data rate applications that

may be utilized in 4G systems. There are a total of 128 subcarriers within the allocated
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frequency band. The resulting subcarrier bandwidth, 1/T, is 156.25kHz, which corresponds
to a PN chip duration of 6.4us.

In these results, the performance of the adaptive subcarrier allocation algorithm is eval-
uated under various spreading factor configurations. These different settings can be used
by a provider to provide different levels of frequency diversity, or to minimize MAI in the
event of high channel utilization. To represent a case with high time domain spreading,
a spreading factor of 16 is utilized in the time domain, with a processing gain of 2 in the
frequency domain. This spreading factor is denoted 16x2 for the remainder of the chapter.
Simulations are also performed with spreading factors of 8x4, 4x8, to show the benefit of
the algorithm for OFCDM systems that employ moderate levels of time and frequency do-
main spreading. Finally, a case with 2x16 spreading is presented, where frequency domain
spreading is prioritized. Each of these configurations utilizes a total spreading factor of 32
to provide a suitable performance comparison.

In this simulation 32 users are provisioned to the channel simultaneously, each with the
identical spreading factor. In order to provide an identical level of throughput for each
spreading factor, 2N substreams are transmitted simultaneously for each user. This is done
because N PN chip durations are required to transmit each bit when time domain spreading
is employed. By making the number of substreams a multiple of the spreading factor,
the data rate is identical in each analysis. The four OFCDM spreading configurations are

summarized below.

Configuration | SFyme | SF freq | Substreams
A 16 2 32
B 8 4 16
C 4 8 8
D 2 16 4

Table 5.1: Spreading Factor Configurations
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The channel model utilized in the analysis is also characteristic of a typical 4G wireless
system. We assume that each subcarrier experiences frequency non-selective fading, and
that fading is uncorrelated between adjacent subcarriers. Consequently, evaluations are
performed with an RMS delay spread of 6.4us, which is common for densely populated
urban areas [18]. In this case, the delay spread is identical to the chip duration, 7o, indicating
there is no ISI produced by the channel. This allows us to utilize independent, identically
distributed Rayleigh variables to represent the gain of each subcarrier.

Since the channel parameters are defined for a densely populated area, the user velocity is
assumed to be Skm/h. This represents a suitable velocity for pedestrian or non-mobile users.
This corresponds to a Doppler frequency, Fy = v/A, of 23.14Hz. Based on this Doppler
frequency, the coherence time of the channel can be approximated as 18ms. To ensure
that the channel is constant over the update period of the adaptive subcarrier allocation
algorithm, we select the update period to be equivalent to the coherence time. As a result,
each user has the opportunity to transmit 5625 bits before new subcarriers are allocated by

the base station.

5.2 Results and Discussion

In this section, we provide a performance comparison between non-adaptive OFCDM and
OFCDM employing the proposed adaptive subcarrier allocation algorithm. In figure 5.1, we
present a baseline measurement for the performance of the non-adaptive OFCDM system
with each of the spreading factors. The BER vs. E,/N, curve yielded in this simulation
closely matches the results presented in [12], where the closed-form performance of OFCDM
was initially evaluated. It is evident from this figure that under the defined channel con-

ditions, the higher frequency domain spreading factor produces more favorable conditions
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Figure 5.1: BER vs. E,/N, for non-adaptive OFCDM with various spreading factors

because of the additional frequency diversity gained by transmitting over independently
faded subcarriers.

Now that a baseline BER measurement is established for the OFCDM system, we compare
the result from [12] with OFCDM employing the proposed adaptive subcarrier allocation
algorithm. In figure 5.2, we present the BER vs. E,/N, curve for the adaptive and non-
adaptive OFCDM systems with a spreading factor of 16x2. The result indicates that the
adaptive subcarrier allocation algorithm produces an improvement of 7dB for a target BER
of 10!, The algorithm also reduces the BER floor from approximately 6x10~! to 2.5x1072.
It is evident from this results that the performance is improved considerably in both the
noise and interference limited regions of the curve. This occurs because users are assigned

to subcarriers with the best SINR, while the interference caused to other users is minimized.
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Figure 5.2: BER vs. E,/N, with 16x2 spreading

In figures 5.3 and 5.4, we present the BER vs. FE,/N, curves for the OFCDM systems
with 8x4 and 4x8 spreading respectively. The results indicate that for both spreading fac-
tors, the proposed algorithm reduces the BER floor, and improves performance in the noise
limited region of the BER curve. More specifically, a 4dB gain is achieved with 8x4 spreading
at a BER of 107!. When 4x8 spreading is employed, the performance gain is reduced to
2.5dB, and the reduction in the BER floor is less pronounced. These results suggest that
the adaptive subcarrier allocation algorithm provides more significant performance improve-
ments with a higher time domain spreading factor. This result is expected because there are
more available subcarrier groups, which provides a better opportunity to locate subcarriers
with the best fading characteristics, which simultaneously minimize MAIL In addition, it

is found that frequency diversity moderates the SINR achieved on each subcarrier. This
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Figure 5.3: BER vs. E},/N, with 8x4 spreading

reduces the performance improvement because each subcarrier group experiences a similar
total fading gain.

In figure 5.5, we plot the BER vs. F}/N, curve for the adaptive and non-adaptive
OFCDM system with 2x16 spreading. This result indicates that the algorithm improves the
performance in the noise limited region by approximately 1.5dB. Again, this performance
gain is less significant than utilizing a higher time domain spreading factor, because there are
only 8 subcarrier groups available with 2x16 spreading. Another interesting characteristic of
this curve is that there is no reduction in the BER floor with the proposed algorithm. This
occurs because the frequency diversity improves signal power with respect to the noise, and
subcarrier adaptation simply increases the interference power proportionally to the signal

power. In addition, since there are 4 substreams for each user, some substreams may not be
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Figure 5.4: BER vs. E;/N, with 4x8 spreading

allocated to groups where the best conditions exist.

In figure 5.6, we plot the BER vs. E,/N, curve for the adaptive OFCDM systems with
different spreading factors. This figure presents an interesting characteristic of the adaptive
subcarrier allocation algorithm. At small values of E,/N,, the absolute performance is
superior when a high time domain spreading factor is utilized. This result is expected because
there are more subcarrier groups available to maximize the average SINR of the system. The'
opposite result occurs at high E,/N, values. To explain this phenomenon, we refer to the
results provided in [18], where the performance of the water-filling algorithm is originally
evaluated for single subcarrier allocation. In this paper, it is found that the algorithm
is suboptimal at higher values of E,/N,. This occurs because the system performance is

limited by MAI, and selecting subcarriers with large SINR values provides a negligible gain
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Figure 5.5: BER vs. E,/N, with 2x16 spreading

with respect to the AWGN noise power. Also, since more substreams are utilized for higher
time domain spreading factors, several substreams are assigned to less favorable subcarriers.
In this case, our results indicate that the frequency diversity gained by transmitting over
independently faded subcarriers produces a more favorable results at high levels of E,/N,.
It is evident from this curve that there is a distinct threshold above 2.5dB, where a higher
frequency domain spreading factor is superior. This represents the transition of the OFCDM
system from being limited by thermal noise, to being interference-limited. As a result, when
high bit energies are employed, a high frequency domain spreading factor should be employed
to maximize the absolute performance. At lower levels of E,/N,, time domain spreading
should be prioritized to improve performance.

The results presented in this section show that the adaptive subcarrier allocation al-
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Figure 5.6: BER vs. E,/N, for adaptive OFCDM with various spreading factors

gorithm is effective at reducing the BER for OFCDM systems. It is generally determined
that the performance improvement is more significant when a higher time domain spreading
factor is employed, because there are more subcarrier groups that can be utilized by the al-
gorithm to maximize performance. We also find that while a higher time domain spreading
factor is effective at improving the BER performance in the noise limited region of the BER
curve, it performs worse at high levels of Ey/N,. In this case, frequency diversity allows
the system to achieve higher absolute performance. Overall, the results indicate that the
adaptive subcarrier allocation algorithm is effective at improving the BER performance of

OFCDM with various spreading factors.
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Chapter 6

Conclusions and Future Research

6.1 Conclusions

In the fourth generation of wireless systems, users will require access to high data rate ap-
plications such as streaming video, multimedia and internet access. Since these applications
generally require a large bandwidth, OFCDM is a viable option to support the demanding
requirements of these services. This scheme accommodates a large bandwidth by employing
several narrowband subcarriers that are inherently resistant to ISI. In addition, the time and
frequency domain spreading employed by this system allows it to achieve higher performance
than systems that employ one dimensional spreading. The frequency domain spreading fac-
tor can be increased to maximize gains from frequency diversity, while multipath diversity
and minimal MAI can be provided with time domain spreading.

In this thesis, an adaptive subcarrier allocation algorithm is developed to further improve
the BER performance of OFCDM. The proposed algorithm allocates subcarriers to users that
such that the overall BER of the cell is minimized. This is accomplished by assigning users to

subcarriers that produce the best SINR characteristics, while producing the minimal amount
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of MAI to other users.

The proposed algorithm is shown to provide an improvement in the BER performance
of OFCDM under all spreading factors. More specifically, when a high time domain spread-
ing factor is employed, the adaptive OFCDM system is shown to outperform traditional
OFCDM by 7dB in the noise limited region of the BER curve, and is able to significantly
reduce the BER floor. As the frequency domain spreading factor is increased, the perfor-
mance improvement is less significant. When 8x4 spreading and 4x8 spreading are employed,
the performance improvement is limited to 4dB and 2.5dB respectively. Finally, when 2x16
spreading is utilized, the performance gain is 1.5dB. This performance improvement is re-
duced because there are fewer groups available to the subcarrier adaptation algorithm to
maximize the system performance. In addition, the frequency diversity gained by the sys-
tem effectively moderates the SINR for each subcarrier group.

Overall, the proposed adaptive subcarrier allocation algorithm is shown to be very effec-
tive at improving the BER performance of OFCDM with various spreading factors. Since
this algorithm is relatively simple to implement, it is an excellent method of improving the

performance of OFCDM, with a minimal amount of additional complexity.

6.2 Future Research

The favorable results provided by the adaptive subcarrier allocation algorithm proposed in

this report bring several new ideas that could further improve performance. Some future

research on this topic is listed below

e The adaptive subcarrier allocation algorithm proposed in this thesis utilizes a spreading
factor that can be changed based on the conditions that exist in the cell. This includes

characteristics such as the Doppler frequency and delay spread of the channel. In a
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practical environment, users may each travel at a different velocity, or experience a
different delay spread. As a result, an adaptive subcarrier allocation can be developed
with groups that utilize different spreading factors. This would accommodate users

with different fading characteristics.

The purpose of OFCDM is to provide a flexible system that can provide the highest
throughput possible. In this thesis, adaptive subcarrier allocation is utilized only
with BPSK modulation. A further improvement to the proposed system would be
to incorporate adaptive modulation and coding and adaptive subcarrier allocation
simultaneously. This would allow the system to experience higher throughput, while

experiencing better BER performance.

In 4G systems, the forward link is required to provide much higher throughput than the
reverse link, due to asymmetrical traffic experienced applications that utilize Internet
Protocol (IP). As a result, a variation of the proposed algorithm can be adapted to

improve the performance of OFCDM in the forward link.
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