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ABSTRACT OF DISSERTATION

SPREAD OFDM VIA CARRIER INTERFEROMETRY SPREADING
CODES: PERFORMANCE, THROUGHPUT, AND PAPR
ENHANCEMENT

Orthogonal Frequency Division Multiplexing (OFDM) has been an important
technique in wireless communication architectures since the 1970°s and 1980’s. OFDM
is now the protocol in the IEEE 802.11a and IEEE 802.11g Wireless Local Area
Networks (WLANS) standards, as well as the IEEE 802.16 Fixed Broadband standard. It
is also a front-runner for implementation in future cellular standards and satellite systems.
However, OFDM is not without its limitations — both in terms of performance and Peak-
to-Average Power Ratio (PAPR). In this dissertation, the author significantly enhances
the performance of traditional OFDM systems via the introduction of novel Carrier
Interferometry (CI) spreading codes. Specifically, this research demonstrates through
computer emulation and RF testing, that the application of CI spreading codes to OFDM,
leads to significant performance gains (relative to traditional OFDM), and an eliminated
PAPR issue. The novel OFDM techniques introduced in this dissertation will

significantly enhance the abilities of OFDM in the years to come.

David A. Wiegandt

Electrical and Computer Engineering Department
Colorado State University

Fort Collins, CO 80523

Summer 2003
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Chapter 1 Introduction

In the last decade, we have witnessed unprecedented growth in the areas of signal
processing and wireless communications. Recent developments have led to, e.g., higher
processing speeds, smaller processors, lower transmit powers, higher-bandwidth
efficiencies, and lower costs. However, while these advances have led to impressive
technological innovations, the spectrum is none-the-less becoming more and more
cluttered. It is now, more than ever, important to continue reducing transmit powers and
increasing bandwidth efficiencies (i.e., higher data rate/number of users within the same

frequency band).

An important technological innovation, leading to the advancement of wireless
systems, is Orthogonal Frequency Division Multiplexing, or OFDM. OFDM was first
introduced in the late 1950's and first characterized in the mid 1960's (e.g. [1-5]).
OFDM is able to divide the overall frequency-selective bandwidth into N smaller
(narrower) bands that each experience flat fading, thereby overcoming the effect of ISI
(Inter-Symbol Interference) due to the selectivity. While introduced many decades ago,

it was not until more recent advances in signal processing (namely the advent of the FFT
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and IFFT) (in the late 1980’s [6-7]) that a true low-cost, easily implemented OFDM
architecture became available. Today, OFDM’s applications include variable rate
modems [8], ADSL, VHDSL and HDSL subscriber line multichannel transceivers [9-
13], digital terrestrial ATV broadcasting [14], fixed wireless {15], wireless ATM [16],
and Wireless LANs such as the IEEE 802.11a standard [17] and the IEEE 802.11g

standard [18].

In this chapter, the concept of OFDM is briefly reviewed, followed by the

contribution of this dissertation to the arena of OFDM.

1.1 Orthogonal Frequency Division Multiplexing

OFDM’s pobularity stems, in part, from its ability to avoid frequency selectivity.
Specifically, in OFDM, a high-rate symbol stream is fed into a serial-to-parallel
converter, and N low-rate symbol streams are output. Each low-rate stream is then sent
simultaneously over N orthogonal carriers, one symbol stream per unique carrier [19].
The data rate per carrier is a factor of N smaller then the original data rate (due to serial-
to-parallel conversion), and hence, the bandwidth per carrier 1s only (/)" of the overall
system bandwidth. As a result, each transmitted symbol (one per carrier) experiences a

flat fade. This translates into simple receiver design and a system that avoids multipath.
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However, OFDM is not without its disadvantages. Based upon this frequency
division process, each carrier undergoes a flat fade and reaches the receiver with a
different amplitude. As such, it is possible, even likely, that some of the N data symbols
are completely lost due to deep fades. To account for this, Coded OFDM (COFDM) has

been introduced (e.g., [20-25]).

In COFDM, incoming information symbols are channel coded prior to serial-to-

parallel conversion by a rate m/n coder. The coded symbols are then interleaved and

sent on one of the frequency carriers (where the interleaving ensures that adjacent coded
symbols reside on non-adjacent frequency carriers). By inclusion of channel coding, a
frequency diversity benefit is introduced, as are the usual channel coding gains. As a
result, the resulting channel coded OFDM system, COFDM, represents a system with
greatly improved performance. While enhancing performances, the COFDM systems

have the drawback of reduced throughput.

An additional drawback in OFDM, and its method of orthogonal carrier transmission,
is high (poor) PAPR (Peak-to-Average Power Ratio) [26]. Specifically, high peaks in
power (up to N times the average) result from unstable envelopes, a consequence of using
independently modulated carriers. Specifically, in-phase, coherent summations across
the independently modulated data symbols can cause a peak in transmit power (within the
transmit frame) that is dramatically higher than the average transmit power (within the

transmit frame). These large spikes in transmit power drive the power amplifier into the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



saturation region of operation, leading to spectral spreading. A number of solutions to
OFDM’s peak-to-average power ratio (PAPR) problem have been proposed in the
literature (i.e., block coding [27], peak cancellation [28-29], partial transmit sequences
[30], selective mapping [31], and clipping [32]), but, while reducing the PAPR, these
methods typically increase system complexity, and may contribute to in-band distortions

that lead to reduced bit-error-rate (BER) performances.

1.2 Statement of Work: The CYOFDM System

In this dissertation, Carrier Interferometry (CI) spreading codes are introduced
into OFDM systems, thereby improving OFDM’s (1) performance, (2) throughput, and

(3) peak-to-average power ratio (PAPR).

e Performance: By introducing novel Carrier Interferometry spreading codes into
OFDM, we provide an innovative method for improved performance [33-38]. The
resulting CI/OFDM system exploits the full frequency diversity benefit of the
channel at the receiver, and as a result, significantly outperforms traditional
OFDM systems in terms of bit error rate in multipath fading channels (i.e.,

channels exhibiting frequency selectivity over the entire bandwidth). These
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results naturally extend to the wide range of modulation formats employed in

OFDM, i.e., BPSK, QPSK, 16QAM and 64QAM.

e Throughput: By introducing pseudo-orthogonal Carrier Interferometry spreading
codes into OFDM, we create PO-CI/OFDM systems which double throughput in
OFDM systems with real-signaling (i.e., BPSK, ASK). The throughput gain is
available without extra bandwidth requirements or performance degradations [39-

41].

e PAPR: By introducing Carrier Interferometry and Pseudo-Orthogonal Carrier
Interferometry spreading codes into OFDM, we create CI/OFDM and PO-
CU/OFDM systems capable of eliminating the peak-to-average power ratio

problems inherent in traditional OFDM systems [42-44].

e WLANs: By applying our CVOFDM technology to enhance the IEEE 802.11a
Wireless LAN standard, we show how the above benefits can be exploited in a
modern-day indoor architecture {45-49]. Specifically, the resulting system
achieves, e.g., a 5-7 dB performance gain at a probability of error of 10 in actual

indoor environments.

e Terrestrial Link Testing: By applying our CVOFDM technology to Fixed
Broadband terrestrial systems, we show how the above benefits can be exploited
in modern day outdoor architectures [50-52]. Specifically, the resulting CI/OFDM
system significantly outperforms traditional architectures utilizing OFDM by (up

to) an order of magnitude in actual outdoor terrestrial environments.
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e Sarellite Testing: By applying our CI/OFDM technology to satellite architectures,
we show how the above benefits can be exploited in modern day satellite systems
[53-54]. Specifically, C'OFDM achieves small performance gains over actual
satellite channels for BPSK, QPSK, and 16QAM. When CI/COFDM is applied,
dramatic performance increases are observed for 64 QAM, leading to high-

bandwidth efficiencies and a high-throughput system for use over satellites.

Orthogonal Frequency Division Muliplexing (OFDM) has become a key player
for the future of the wireless communications industry. With this in mind, this
dissertation introduces powerful and novel innovations to the OFDM architecture which

improve performance, throughput, and peak-to-average power ratio.
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Chapter 2 Introduction to Orthogonal Frequency Division Multiplexing

Orthogonal Frequency Division Multiplexing (OFDM) was first introduced in
the late 1950's and first characterized in the mid 1960's (e.g. [1-5]). Since its
introduction over four decades ago, advances in digital signal processing have led to
OFDM’s growing popularity. Applications include variable rate modems [8], ADSL,
VHDSL and HDSL subscriber line multichannel transceivers [9-13], digital terrestrial
ATV broadcasting [14], fixed wireless [15], wireless ATM [16], and Wireless LANs

such as the IEEE 802.11a [17] and the IEEE 802.11g standards [18].

OFDM’s popularity stems, in part, from its ability to avoid frequency selectivity.
Specifically, in OFDM, a high-rate symbol stream is fed into a serial-to-parallel
converter, and the N low-rate data streams output are then sent simultaneously over N
orthogonal carriers [19]. The data rate per carrier is a factor of N smaller then the
original data rate, and hence bandwidth per carrier is only (yn)* of the overall system
bandwidth. As a result, each transmitted symbol (one per carrier) experiences a flat fade.

This translates into simple receiver design and a system that avoids multipath.

In this chapter, we briefly review the OFDM concept, its transmitter and receiver

design, its performance, and its limitations.
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2.1 Introduction to the Transmitter and Receiver

OFDM system benefits include: (1) the ability to reduce the input of frequency
selective fading, (2) large spectral efficiency, and (3) the ability to support very high-
speed transmission. The generalized block diagram of the typical OFDM transmitter is
shown in Figure 2.1. Referring to Figure 2.1, a high-rate input symbol stream is serial-
to-parallel converted, and then each data symbol is modulated onto its own carrier. This
carrier modulation is typically implemented via the Inverse Fast Fourier Transform

(IFFT), making the transmitter easy to implement.

0
e J
Symbol 1 So(t)
Complex lnput - ) Jj2af,t
Symbols from e J2rAft e
PSK/QAM

Constellation Serial- g

Mapper Symbol 2 i(t)

] Te- . B Re{-}

Parallel

j2m(N-1A ft

B

SN.l(t)

Symbol N

Figure 2.1: General OFDM Transmitter

The OFDM receiver is depicted in Figure 2.2, illustrating detection of the N

transmitted symbols. It is important to note that Figure 2.2 is the generalized block
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diagram of the receiver. Practical implementations use the FFT to perform much of the

demodulation processes.
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Figure 2.2: The OFDM receiver

2.2 OFDM Transmit and Receive Signals

Referring to Figure 2.1, the ' h symbol is placed on the K" carrier leading to:

s, (1) = a, e’/ @™ @.1)

where (1) d, denotes the i symbol and is assumed to be +1 or —1 with equal

probability (BPSK symbols are assumed throughout this chapter for ease in

presentation); (2) kAf is the K" carrier, and Af =VT, (T, is the symbol rate) to assure

10
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orthogonality among carriers. Now, considering the entire block of N parallel symbols,

the transmitted signal in OFDM is:

S(t) _ Re{jfaﬁej(z;gfcwznmfz)}

k=0 (2.2)

N-1
s(t)= Y a, cosQnf.t+2m kA f1)
k=0 (2.3)

It is important to note that BPSK is assumed for ease in presentation, and it is
understood that this is a low-bandwidth-efficiency example. Improved bandwidth
efficiencies are observed with higher order PSK and QAM constellations. It is also
important to note that we do not explicitly include the cyclic prefix in the OFDM
transmission model because our analysis is per-OFDM block. However, in realistic
scenarios of contiguous OFDM block transmission, a cyclic prefix is assumed between

successive OFDM blocks (typical of traditional OFDM) [19].

The OFDM received signal, assuming the sent signal s(?) in (2.3), is

mathematically characterized by the following equation:

r(t) = Aiaka,c cos(2af,t + 2wk A ft+¢,)+n(r)
#=0 (2.4)

Here, a, and ¢, are the fade parameter and phase offset, respectively, introduced into

the k" carrier by the frequency selective Rayleigh fading channel, and n(#) is a zero mean

11
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Gaussian random variable with variance ™ % representing additive white Gaussian noise

(AWGN).

At the OFDM receiver, referring to Figure 2.2, #(¢) returns to baseband and is then
separated into its N orthogonal carrier components (which includes channel phase
correction).  Carrier orthogonality leads to the received signal on the K" carrier

corresponding to #, =a,a, +n, (where ke [0,1,...,N - 1]). We have assumed perfect

phase synchronization at the receiver, for reasons of ease in presentation. Finally, each of

the N signals enter a hard decision device, outputting 4, , the K" decision.

2.3 OFDM Simulated Performance

Figure 2.3 illustrates the bit error rate (BER) versus signal to noise ratio for
OFDM. The simulated system transmits N = 32 BPSK symbols over N = 32 orthogonal
carriers. To model a realistic wireless environment, the Rayleigh fading channel
employed in our simulation demonstrates frequency selectivity over the entire bandwidth,
BW, but flat fading over each of the N narrowband carriers. Specifically, we assumed a
channel model with 4-fold frequency diversity over the entire bandwidth. As a result, the

fading gain (o, 's ) in the 32 carriers are correlated according to {55]

12
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R . = !

i,f 1+(}S—.ﬁij2 (25)
(a7.)

where R, is the correlation between carrier i and carrier j, and Af, ; is the frequency

separation between these two carriers. Generation of correlated fades, for purposes of

simulation, has been discussed in [56] and [57].

Referring to Figure 2.3, OFDM requires an SNR of approximately 23 dB to

achieve a BER of 107,

0 P(E) Comparisonin Freq. Sel. Fading Channel

Probability of a bit error (BER)

0 5 10 15 20 25 30
SNR per bit (dB)
Figure 2.3: Simulated Performance of OFDM

13
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2.4 OFDM’s Limitations

OFDM is not without its disadvantages. Since each carrier undergoes a flat fade
and reaches the receiver with a different amplitude, it is possible, even likely, that some
of the N data symbols are completely lost due to deep fades. This is observed in the
poor performance curve of Figure 2.3. To improve performance, Coded OFDM

(COFDM) has been introduced in, e.g., [20-25].

In COFDM, incoming information symbols are channel coded prior to serial-to-
parallel conversion by a rate m/n coder. The coded symbols are then interleaved,
ensuring that adjacent coded symbols are transmitted via non-adjacent carriers. This
coding strategy introduces a frequency diversity benefit in addition to the channel coding
gain. The resulting performance curve (Figure 2.4) shows a system with reduced

sensitivity to fading. The drawback is, of course, a lower throughput (by a factor of

n/m).

14
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Probability of a bit error (BER)

SNR per bit (dB)

Figure 2.4: Performance of OFDM and COFDM

A further drawback of OFDM, and its method of orthogonal carrier transmission,
is high (poor) PAPR (Peak-to-Average Power Ratio) [26]. Specifically, high peaks in
power (up to N times the average) result from unstable envelopes, a consequence of using
independently modulated carriers. This, in turn, pushes the transmit power amplifier into
saturation whenever peaks in transmit power are observed. A number of solutions to
OFDM’s peak-to-average power ratio (PAPR) problem have been proposed in the
literature (i.e., block coding [27], peak cancellation [28-29], partial transmit sequences
[30], selective mapping [31], and clipping {32]), but, while reducing the PAPR, these

methods typically increase system complexity.

15
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PAPR is defined as the peak transmit power per OFDM block versus the average

transmit power in that same block, i.e., mathematically:

P I‘na'XO<1<T ‘S(Z)\Z
PAPR = 2% = : 5
Procwn  mean,, , |s(2)|
(2.6)
The average transmit power in OFDM is:
I)mean = N})O
(2.7)
where P, is the per-carrier power, 1.€.,
(=%
2
(2.8)

The OFDM method of serial-to-parallel converting incoming information symbols
and transmitting each symbol on its own unique carrier leads to the potential for high
peak power (i.e., N times the average). This is a result of possible in-phase, coherent
addition of all carriers. As the number of carriers (V) increases, so does the peak power’s
maximum level. In its worst case (WC), where the N carriers combine coherently,

OFDM’s peak transmit power is equal to:

e ‘—_1— NAZ__I—(NA)z_lNzAZ
(max)oru 0arcry) 2 ; - 2 - 5

(10)
Figure 2.5 shows PAPR levels across 10,000 transmit symbols for OFDM with N
= 32 carriers and random input of +1 and -1 (BPSK) symbols. Evident in Figure 2.5,

spurious peaks with PAPR > 7.5 are quite common in OFDM transmissions (arising 2.5%

16
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of the time), and peaks of 15 < PAPR < 20 result at select transmission times. On

average, OFDM demonstrates a mean PAPR of 3.79 and a variance of 1.5.

PAPR/Transmission for OFDM

1 T T 1 1

g L oy ; i | , | L G
0 1000 2000 - 3000 4000 5000 60007000 6000 9000 10000
: Transmiission Number :

Figure 2.5: PAPR per Transmission of OFDM

Deliberate clipping of the OFDM signal is a low-complexity method for reducing
the PAPR (e.g., [58][59]). With the clipping algorithm of [58] and [59] applied to
OFDM, similar results are observed. Figure 2.6 displays the PAPR levels across 10,000
transmissions for the resulting 32-symbol (BPSK), 32-carrier clipped OFDM system.
Here, a Clipping Ratio (CR) (as defined in [32]) of 1.4 was implemented. It is important
to note that the clipping algorithm of [S8][59] (implemented here for comparative

purposes) is not a hard clipping (whereby any input above a threshold is clipped to the

17
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threshold). Hard clipping creates large out-of-band distortions, and, wanting to avoid this
side effect for the purposes of fair comparison, we compare to a ‘soft-clipping:” Here,
when an output exceeds a predefined threshold, the value is modified by a function which

attempts to jointly (1) minimize the PAPR and (2) minimize the out-of-band distortion.

Referring to Figure 2.6, the clipping algorithm greatly reduces the number of
times the PAPR exceeds a level of 7.5, but spurious levels are still prevalent. The mean

and variance of PAPR with clipping are reduced to 3.2016 and 0.6917 respectively.

PAPR/Transmission for Clipped OFDM
25 T T T T

20 8

15 .

PAPR

0 2000 4000 6000
Transmission Number

Figure 2.6: PAPR per Transmission of Clipped OFDM
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2.8 Conclusions

In this chapter, we have briefly reviewed OFDM, explaining its transmitter
structure, receiver structure, and performance. We also discussed the limitations that
exist in OFDM, mainly performance issues and concerns surrounding PAPR. In the

chapters to follow, we provide innovative methods for improving OFDM.

19
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Chapter 3 OFDM with CI Spreading Codes: Transmission

This chapter introduces a novel OFDM architecture that utilizes Carrier
Interferometry (CI) spreading codes to enhance performance (by exploiting frequency
diversity) without bandwidth expansion or decreased data rate. This architecture also
eliminates the high peaks in transmit power common in traditional OFDM, thereby

eliminating Peak-to-Average Power Ratio (PAPR) concerns.

The idea underlying CI/OFDM is very similar to that in MC-CDMA systems
[19]: In MC-CDMA, N users occupy N carriers simultaneously, but are separated by
spreading codes applied across carriers. The spreading codes used in CVOFDM
correspond to those used to create user orthogonality in CI/MC-CDMA [19] [20] [21].
This paper brings the benefits of MC-CDMA spreading to OFDM systems (where
spreading is not per user but rather per parallel data stream). (The concept of CI/OFDM
is not unlike that of Spread OFDM (SOFDM) [15][16], where each data stream is spread
over all the OFDM carriers via Hadamard Walsh codes. However, in SOFDM,
spreading codes do little to eliminate PAPR concerns, whereas, in CI/OFDM, spreading
codes are carefully selected to alleviate PAPR problems while simultaneously achieving

spreading benefits.)

21
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3.1 Introduction to CI Spreading Codes in OFDM Systems

OFDM systems, as discussed in Chapter 2, serial-to-parallel convert the high-rate
input symbol stream into N low-rate symbol streams. Next, each low-rate symbol stream
is modulated onto its own carrier and sent out over the channel. This OFDM process can
be expressed as follows: the spreading code

N-1
c.(0)= Y ple
= 3.1)

is applied to symbol stream &, where
Bi=1and B/ =0 (j#k)

(3.2)
and i refers to the carrier. In other words, the code applied to the K" symbol on the &
carrier is 1, whereas the code applied to the K symbol on the j”" carrier (j # k) is 0,
nulling it from all other carriers. Hence, should the k¥ carrier become lost in a deep fade,

the data symbol will be lost.

In this thesis, we apply spreading codes that enable a/l data symbols to be spread

onto all carriers to exploit the frequency diversity available in the channel. That is, we

22
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apply spreading codes that allow all data symbols to occupy a/l carriers at the same time.

Specifically, the CI spreading code

N-1
c (1) = Z :B/zejzmAf’
i=0

(3.3)
is applied to the low-rate symbol stream £, where
pi=e"

(3.4)

and 9; is carefully selected to allow symbol stream k& to be separable from the other

symbols co-located on identical carriers.

Moreover, we introduce Pseudo-Orthogonal Carrier Interferometry (PO-CI)
spreading sequences for application to OFDM systems. In Pseudo-Orthogonal Carrier
Interferometry OFDM (PO-CI/OFDM), each low-rate (parallel) symbol stream is sent
simultaneously over all N carriers by application of complex spreading sequences
(applied in the frequency domain). By applying pseudo-orthogonal spreading sequences
in frequency (over the N OFDM carriers), we support K (K > N) symbol streams with
only the N carriers. Specifically, in the case of real signaling (e.g., BPSK), we double the
number of information symbols (i.e., K = 2N) on the original number of carriers (i.e., N),

without bandwidth expansion, and with minimal loss in performance.

23
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We also demonstrate that Carrier Interferometry OFDM (CI/OFDM) and Pseudo-
Orthogonal Carrier Interferometry OFDM (PO-CI/OFDM) eliminate the large peaks in
transmit power, and, hence, most PAPR issues, without significant increase in system
complexity. Specifically, while the average transmit power in C/OFDM and PO-
CI/OFDM is the same as that in OFDM, the peak values are much lower. This is because
the spreading codes applied to the N carriers result in one symbol’s power reaching a
maximum, when the powers of the remaining symbols are at a minimum. In other words,
CI/OFDM and PO-CI/OFDM demonstrate a stable envelope, and, therefore, a PAPR with

an average and standard deviation far smaller than that of traditional OFDM.
3.2 Spreading Codes

The CI spreading sequence in the code equation (3), 1.e.,

(Bl Bl B = %
(3.5
is applied to symbol stream £ to ensure orthogonality between K = N transmitted symbol
streams, even though symbol streams occupy the same carriers at the same time. These

CI spreading sequences correspond to:

2 27 2z
. , N i~k je1k JE(N=1)k
0 pt N-LY__ 0 60 i )N N N
{,Bk,ﬂk,..., f }—{e el e =<e ,€ yeres@

(3.6)
24
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One elegant feature of these CI codes, is their flexibility: orthogonal CI
sequences can be defined for any length N, and are not limited to the N = 2" constraint
(i.e., N is a power-of-two constraint) of the well-known HW (Hadamard-Walsh) codes.

Also, CI codes help with PAPR considerations, as shown in Section 3.4.

To increase throughput in an OFDM system utilizing CI spreading sequences
(allowing more than K = N data streams to be sent simultancously on the N carriers), we
also determine a set of pseudo-orthogonal spreading sequences. That 1s, while the set of
spreading sequences defined in equation (3.6) allows us to support K = N symbol streams
on N carriers (orthogonally), we seek pseudo-orthogonal spreading sequences that allow
us to support K = 2N symbol streams on N carriers. Specifically, we (1) allow the first N
symbol streams’ spreading sequences to be chosen according to equation (3.6); and (2) to

the next set of N symbol streams (ke{N,N +L,N+2,...,2N ——1}), the following

spreading sequences are applied:

27 r 27
o . 2T 0kt 0A0 I TkALAB (N (V-1
,BO Vi Nl ) e e Gl W B v Jy e Jo AN (V-1)a0
s Bese s By (= &%, ....e =ie ,€ yee i€

(3.7)

The second set of N symbol streams has been assigned spreading sequences that
allow them to be orthogonal to one another, but pseudo-orthogonal to the first set.
Hence, our pseudo-orthogonal code selection is based on the combining of two
orthogonal code sets, similar in form to the work of [27] where two sets of orthogonal

Hadamard-Walsh codes layered with long codes were successfully combined to create a
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new pseudo-orthogonal code set. We select A& such that we minimize the amount of
inter-code interference between the two sets of orthogonal CI spreading codes. The

intuitive solution is to select

AH:%

(3.8)

This creates a second set of spreading sequences equidistant from the original set. In

Appendix A, we prove (mathematically) that the selection of Ag:% minimizes the

average correlation between spreading code sets in the case of real signaling. Hence, the

following is used as the second set of spreading codes:

(3.9)
That 1s, for OFDM systems employing pseudo-orthogonal CI spreading codes, we
support K = 2N symbol streams on N carriers, referenced as symbol stream 0 to symbol

stream 2N-1, where each symbol stream is applied to all N carriers by the following

spreading sequences:

2n 2n 2z

FE0k0AE,  JETRHAG, FE(N-D R N-1)AB,
ﬂoaﬁla--'aﬂ B =4€ N Je N 5---98 N
{ ko Pk k } (3.10)

and
0, k=01, ,N-1
AH}( - T
ﬁ’ k=N,N+1,..2N-1 3.11)
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By applying these spreading sequences, we can support twice as many real
symbol streams as traditional OFDM (K = 2N vs. K = N), and, hence, support a doubling
in throughput. Moreover, in OFDM with PO-CI codes, each symbol stream is spread
onto all carriers (whereas in OFDM each stream remains on one carrier), leading to

frequency diversity benefits.

3.3 OFDM with CI Spreading Codes: Transmit Signaling

The typical OFDM transmitter of Section 2.1 is shown in Figure 3.1(a), and the
CI/OFDM transmitter (employing CI spreading codes) is depicted in Figures 3.1(b) and
3.1(c). In both OFDM and CI/OFDM, a high-rate input symbol stream is serial-to-
parallel converted. However, unlike OFDM, where each symbol is modulated onto its
own carrier, in CUOFDM each symbol is modulated onto a// the N carriers. To separate
symbols located on identical carriers, we apply the unique spreading sequences of

equation 3.6 across symbol &’s carriers. Specifically, the spreading sequence applied to

. 90 gl (N1 .
symbol &’s carriers correspond to the set {e’ % %, .. el }, where g/ 2[2_”) ki, and is
N

referred to as a CI (Carrier Interferometry) spreading code (Figure 3.1(c)).
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The transmitted signal for the K" symbol in a CI/OFDM system is thus:

Nl '2my+bmugﬁk4
s, (t)= A-Re{z a;,’ej( N )} (3.12)

i=0

where (1) a, is the n" symbol in the K symbol stream and is assumed (in this chapter)

to be +1 or —1 with equal probability (corresponding to the commonly used BPSK

constellation, and ensuring real signaling); (2) f, =iAf, and Af =1/T, (T; is the symbol

rate) to assure orthogonality among carriers; (3) (2_”) %.; 1s the phase offset used to
N

generate symbol k’s spreading code, and ensures orthogonality among the N symbols;
and (4) A4 is a parameter used to establish the symbol energy. Now, over the entire block
of N parallel symbols, the transmitted signal in CI/OFDM is:

N-1IN

s(y=4-)

~1N-1
k=0 i=0

a; cos(27y’ct+27yﬂt+—2f—-k-i)
N (3.13)

It is important to note that BPSK is assumed for ease in presentation, and it is
understood that this is a low-bandwidth-efficiency example. Improved bandwidth

efficiencies are observed with higher order PSK and QAM constellations. CI spreading

codes apply equally well to these scenarios, as seen in future chapters.
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3.4 CI/OFDM Transmit Signal’s PAPR

CI/OFDM’s transmit signal dramatically improves PAPR. As discussed in
Section 2.4, PAPR is defined as the peak transmit power per OFDM block versus the

average transmit power in that same block, i.e., mathematically:

P max s(t)!2
PAPR = —max_ O<t<T, -
P s mean0<,<Ts!s(t)’
(3.14)
The average transmit power in CYOFDM and OFDM is:
Pmean = N}DO
(3.15)
where P, is the per-carrier power, i.¢.,
(=
2
(3.16)

The OFDM method of serial-to-parallel converting incoming information symbols
and transmitting each symbol on its own unique carrier leads to the potential for high
peak power (i.e., N times the average). This is a result of possible in-phase, coherent
addition of all carriers. As the number of carriers (¥) increases, so does the peak power’s
maximum level. In its worst case (WC), where the N carriers combine coherently,

OFDM’s peak transmit power is equal to:
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1

&Y 1
wC _ = 2 el 2 42
])(max)aOFDM(O</<Tx) - 2(21 Aj - 7 (NA) - 7 N°4
- 3.17)

In CIVOFDM, as discussed in Section 3.2, all symbols are transmitted
simultaneously over all carriers, and an appropriate spreading sequence (applied across
carriers) makes symbols separable at the receiver. These carefully-selected spreading
sequences also reduce peak transmit powers. Specifically, they ensure that when one
symbol’s carriers add coherently, other symbol’s carriers do not add coherently. The
maximum or peak transmit power from equation (2) is much less than the summation of

maximum carrier powers in (3.17), because when s, (f) reaches its maximum (see

Equation (3.12)), s,(r) (where (j # k)) is at a minimum.

This can be seen in Figures 3.2(a)-(c). Figure 3.2(a) represents the envelope of
the first transmit data symbol after spreading over all carriers with CI codes (assuming N
= §); Figure 3.2(b) represents the envelope of the second transmit symbol after
spreading; and Figure 3.2(c) overlays all the envelopes of all N = 8 data symbols (after
spreading over the N = 8 carriers) in the time domain. The envelope of the composite
signal (conceptually) is the linear combination of these N waveforms — a signal with a

low PAPR.
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Figure 3.2: Transmit envelopes signal of CVOFDM signals:
(a) Symbol 1, (b) Symbol 2, and (c) all N symbols

Figure 3.3 shows PAPR levels across 10,000 transmit symbols for both OFDM
(Figure 3.3(a)) and CI/OFDM (Figure 3.3(b)), each with N = 32 carriers and BPSK data
symbols. Evident in Figure 3.3, spurious peaks with PAPR > 7.5 are quite common in
OFDM transmissions (arising 2.5% of the time), and peaks of 15 < PAPR < 20 result at

select transmission times. CI/OFDM, on the other hand, displays no peaks with PAPR >
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6.5, and displays PAPR < 5 at almost all times. On average, OFDM demonstrates an

average PAPR of 3.79 while CVOFDM’s average PAPR is 3.41.

PAPRTransmission for OFDM
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(a) PAPR per Transmitted OFDM Symbol
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Figure 3.3: PAPR per Transmission (a) OFDM and (b) CVOFDM

Figure 3.4 demonstrates the standard deviation of the PAPR as a function of
increasing number of carriers. For N = 32 carriers, OFDM’s PAPR demonstrates a
standard deviation of 1.23 (a variance of 1.5), while CI/OFDM’s standard deviation is

only 0.665 (a variance of 0.442).
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Figure 3.4: PAPR standard deviation for OFDM vs. CI/OFDM

Figures 3.5(a)-(c) plot the pdf (probability density function) of the PAPR (determined
empirically over one million OFDM symbols). As it can be seen in Figure 3.5(a), the
PAPR of traditional OFDM is spread over a large number of values, and is not well
concentrated about the mean. Figure 3.5(b) shows clipping effectively concentrates the
PAPR levels about the mean, but does little to contain the spurious peaks. This can be
directly attributed to the in-band distortion caused by clipping. Finally, it can be seen

from Figure 3.5(c) that CI/OFDM’s PAPR remains close to the mean value.
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Figure 3.5: pdf of PAPR for (a) OFDM, (b) OFDM with clipping, and (¢) CVOFDM

Now, referring to Figure 3.6, 98% of the CI/OFDM transmissions demonstrate
PAPR < 5, and all transmissions (100%) demonstrate PAPR < 6.5. Meanwhile, only
88% of the OFDM transmissions demonstrate PAPR < 5, and 1t 1s not until y = 32 that
Pr(PAPR <y) = 100%. Clearly, the excellent PAPR characteristics of CI/OFDM allow
transmit amplifiers to operate with greater power efficiency, since large peaks do not

exist, and as such there is no risk of non-linear operation or out-of-band spectral growth.
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CDF of PAPR levels for OFDM vs. C/OFDM

PAPR

Figure 3.6: Cummulative Distribution Function for PAPR for OFDM and CI/OFDM
(N =32 carriers)

3.5 OFDM with Pseudo-Orthogonal CI Spreading Codes: Transmit Signaling

Similar to both OFDM and CI/OFDM of Figures 3.1(a) — 3.1(c), PO-CI/OFDM

serial-to-parallel converts the high-rate input symbol stream. Next, in PO-CI/OFDM,

each low-rate symbol stream 1is spread onto all of the N carriers, as in Figure 3.1(b) and
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N—l . . .
3.1(c). Specifically, the PO-CI spreading code c¢,(r) = Y f,e’*"*"is applied to symbol
i=0

stream k, where f3; = e’ % ,and 9, is carefully selected as seen in equations (3.9) - (3.11).

By applying all 2N PO-CI spreading sequences, PO-CI/OFDM supports twice as
many real symbol streams as traditional OFDM (K = 2N vs. K = N), and, hence, PO-

CI/OFDM suppotts a doubling in throughput.

The transmitted signal for the £ symbol stream in PO-C/OFDM is:

5,(0) = A-Re{ajc, (e (3.18)

i=0

N-1 , o ]
5, (1) = A-Re{a,:'Ze"g"eﬂ"mﬁe-ﬂ””} (3.19)

N-1
si(H=4-Y a; cos(27g‘;t+27g’it+—2-]§i-k+i-A9k)

i=0

(3.20)

where: (1) a] is the n* symbol in the £ symbol stream and is assumed (in this chapter)
to be +1 or -1 with equal probability (corresponding to the commonly used BPSK
constellation, and ensuring real signaling); (2) f, =iAf, and Af = %S (7} 1s the symbol

rate after serial-to-parallel conversion) to assure orthogonality among carriers; (3)

0, = g@i-kﬂ-AHk (where Af, =0for k<N, and A6, = otherwise) is the phase
N N

offset (associated with the i” element of the spreading sequence) used to ensure
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separability between symbol £ and the (K-1) other symbols; and (4) 4 is a parameter used
to establish the symbol energy. The PO-CI/OFDM transmitted signal, considering the 2N

parallel symbol streams, is thus:

2N-1
0 Z;Sk(t) (3.21)
S(t):A_szzlazCos(znﬂt+27y¢t+;2£i.k+iﬂgk)
k=0 i=0 ' SN (3.22)

3.6 PO-CI/OFDM’s Transmit Signal PAPR Benefit

In this section, we characterize the PAPR benefits of the proposed PO-CI/OFDM
system. Consistent with the assumption throughout this chapter, we assume BPSK
modulation in the discussion that follows (although PAPR benefits extend regardless of

constellation as will be shown in Chapter 5). The PAPR equations (as defined in Section

2.4 and 3.4) are:

2
P max,_,., [s(¢
PAPR: max_ _ O'Ts‘(){2
Prwn  meang,, . |S(t)]
(3.23)
The average power of both PO-CI/OFDM and OFDM is:
I)mean = NPD
(3.24)
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where P, is the power of one carrier, i.e., assuming PSK modulation,

=
2

(3.18)

In PO-CI/OFDM, as discussed in Section 3.5, each symbol is transmitted
simultaneously over all carriers, and an appropriate spreading sequence makes symbols
separable at the receiver. However, our selection of spreading sequences has a second

benefit: it reduces peak power. Specifically, the spreading sequence selected
) o ol Nl jlevk+0-A6’k _j£51~k+1-Aek jgf(]v—1)k+(N-1)A9,(
z.e.,{,Bk,,Bk,..., k }—_— eV e N yooe Y ensures that when

one symbol’s carriers add coherently, other symbol’s carriers do not add coherently. This
can be seen in Figures 3.7(a)-(c). Figure 3.7(a) represents the envelope of the first
transmit data symbol after spreading over all carriers with CI codes (assuming N = 8);
Figure 3.7(b) represents the envelope of the second transmit symbol after spreading; and
Figure 3.7(c) overlays all the envelopes of all 2NV = 16 data symbols (after spreading over
the N = 8 carriers) in the time domain. The envelope of the composite signal
(conceptually) is the linear combination of these 2N waveforms — a signal with a low

PAPR.
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Specifically, we observe from Figures 3.7(a)-(c) that when S,(r) reaches its
maximum, S () (where (j = k)) is at a minimum or a very low value (i.e., P; << P,).

Hence, constructive combining of all N symbol energies at any one moment in time is not
possible, because peaks in symbol energies are evenly spread over the OFDM symbol
time (Figure 3.7). As a result, an excellent PAPR per PO-C/OFDM symbol is observed.
To confirm the anticipated PAPR for PO-CI/OFDM systems, the authors first conducted
an exhaustive search over all possible symbols to determine the worst-case PAPR. While
the exhaustive search is prohibitively large for large values of N, we were able to conduct
these searches for N = 2, 4, and 8. The results are tabulated in Table 1, which
demonstrate (1) the worst case PAPR values for PO-CI/OFDM are far smaller than that in
a traditional OFDM system, and (2) the PO-CI/OFDM PAPR benefit relative to

traditional OFDM (on a worst case basis) grows as a function of increasing M.

Number of Carriers OFDM Worst Case PO-CI/OFDM Worst Case
(N) PAPR PAPR
2 2 1
4 4 1.2636
8 8 1.7275

Table 3.1: Exhaustive search, worst case PAPR values for OFDM vs. PO-CI/OFDM
Next, we present our empirical study characterizing the PAPR benefits via pdfs
and cdfs assuming N = 32 carriers. Figure 3.8 illustrates PAPR levels across 1,000,000

transmissions for 32-symbol, 32-carrier OFDM (Figure 3.8(a)) and 64-symbol, 32-carrier

PO-CI/OFDM (Figure 3.8(b)).
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Figure 3.8: PAPR per Transmission for (a) OFDM and (b) PO-CI/OFDM

Referring to Figure 3.8, OFDM’s PAPR can be characterized as erratic,
displaying a mean PAPR of 3.8080, and consistently reaching levels exceeding 6 (5% of
the time), with some PAPR values exceeding 20 and even 25. PO-CI/OFDM, on the
other hand, displays no PAPR value above 5.82 and stays close to its mean PAPR level of

2.4546.
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Figure 3.9 demonstrates the standard deviation of the PAPR as a function of
increasing number of carriers per OFDM symbol (i.e., increasing N). As the number of
carriers increases, the standard deviation of OFDM’s PAPR also increases, but the
opposite is true in PO-CI/OFDM: in PO-CI/OFDM, the standard deviation of the PAPR
decreases with increasing number of carriers. For the 32-symbol, 32-carrier OFDM and
64-symbol, 32-carrier PO-CI/OFDM systems shown in Figure 3.8, OFDM’s PAPR
demonstrates a standard deviation of 1.23 (a variance of 1.5), while PO-CI/OFDM’s

standard deviation is only 0.355 (a variance of 0.125).

L] e OFDM

s P Q-C1/ OFDM

0.8 A e e W e

0.4 L e e e e

Std. Dev.

0.2 OSSR S OU S S ——

Figure 3.9: PAPR standard deviation for OFDM vs. PO-CI/OFDM

When compared to an OFDM system that has a clipping algorithm applied (i.e.,
[30]{31]), similar results are observed. Figure 3.10(a) displays the PAPR levels across

1,000,000 transmissions for a 32-symbol, 32-carrier OFDM system with clipping, and
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Figure 3.10(b) displays the 64-symbol, 32-carrier PO-CUOFDM system. Here, a
Clipping Ratio (CR) (as defined in [14]) of 1.4 was implemented. It is important to note
that the clipping algorithm of [30][31] (implemented here for comparative purposes) is
not a hard clipping (whereby any input above a threshold is clipped to the threshold).
Hard clipping creates large out-of-band distortions, and, wanting to avoid this side effect
for the purposes of fair comparison, we compare to a ‘soft-clipping:” Here, when an
output exceeds a predefined threshold, the value is modified by a function which attempts

to jointly (1) minimize the PAPR and (2) minimize the out-of-band distortion.

Although hard to see with the 1,000,000 samples of Figure 3.10(a), the clipping
algorithm greatly reduces the number of times the PAPR exceeds a level of 5, but
spurious levels are still prevalent. The mean and standard deviation of PAPR with
clipping are reduced to 2.3971 and 0.9733 respectively. Still, as evident from the figure,

PO-CI/OFDM’s PAPR is far better than that of clipped OFDM.

PAPR{Transmission far OF DM with' cligping

1. 3 1 s i L ‘I
3 4 5 [=3 7 g
Trarisrmission Number (1-1 000,000

(a)
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Figure 3.10: PAPR per Transmission (a) OFDM w/clippping, and (b) PO-CI/OFDM

Figures 3.11(a)-(c) plot the pdf (probability density function) of the PAPR (determined
empirically over one million OFDM symbols). As it can be seen in Figure 3.11(a), the
PAPR of traditional OFDM is spread over a large number of values, and is not well
concentrated about the mean. Figure 3.11(b) shows clipping effectively concentrates the
PAPR levels about the mean, but does little to contain the spurious peaks. This can be
directly attributed to the in-band distortion caused by clipping. Finally, it can be seen

from Figure 3.11(c) that PO-CI/OFDM’s PAPR remains close to the mean value.
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Figure 3.12 illustrates the cumulative distribution function (CDF) of the PAPR, again
determined empirically over one million OFDM symbols. As seen in Figure 3.12,
clipping improves the PAPR statistics of OFDM (mean 2.412 and standard deviation
1.053), but it is not until y = 24.8 that Pr(PAPR < y) = 100%. PO-CI/OFDM, on the other

hand, demonstrates Pr(PAPR < y) = 100% when y = 5.82.

CDF for PAPR Jevels for OF DM and OF DM wiclipping vs: PO-EI/OEDM
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: . 5 + iy
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Figure 3.12: Cummulative Distribution Function for PAPR for
Clipped OFDM vs. PO-CI/OFDM and OFDM
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3.7 Conclusions

In this chapter, CYOFDM and PO-CI/OFDM transmit signals and structures
were introduced. Specifically, the CI and PO-CI spreading codes were defined and
applied to the traditional OFDM transmitter architecture. In the resulting CVOFDM and
PO-CI/OFDM systems, each data symbol is spread across al/l of the N carriers in a
manner that ensures PAPR benefits. Specifically, (1) whereas traditional OFDM often
demonstrates PAPR levels above 7.5 for a 32-carrier system (even reaching levels as
high as 32), CVOFDM rarely exceed 5 (and never exceed 6.55); and (2) PO-CI/OFDM

implementations of OFDM further eliminate PAPR problems.

The cost of added transmitter complexity (for spreading) in CI/OFDM and PO-
CIVOFDM, relative to current OFDM, is minimal when compared to the substantial
throughput (PO-CI/OFDM) and PAPR benefits (of both CVOFDM and PO-CIVOFDM).
(Specifically, it has been suggested by our corporate partners that the addition of a CI
processing at transmitter and receiver will require (approximately) an additional 10% in
complexity relative to the existing OFDM baseband architecture.) We believe this is a

price well worth paying for the increase in throughput and the elimination of PAPR

problems in traditional OFDM systems.
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Chapter 4 Reception in CI/OFDM and PO-CI/OFDM Systems

As discussed in Chapter 2, OFDM and its method of orthogonal carrier transmission are
not without drawback. One problem with OFDM lies in the fact that each carrier experiences a
uniform flat fade, and hence each carrier reaches the receiver with a different amplitude. Even
with very sensitive equalizers, data is lost in deep fades. Channel coding overcomes this problem
by introducing redundancy and frequency diversity. The downside of such a coding is reduced

throughput (by a factor of, e.g., 50% [20]).

In this chapter, we show how to construct the receiver for the proposed CVOFDM system, and
how this receiver creates significant performance gain without the loss in throughput
experienced by Coded OFDM. Specifically, in this chapter, we present a novel OFDM
receiving architecture which exploits frequency diversity to increase OFDM performance

without bandwidth expansion or decreased data rate.
Beginning with the Carrier Interferometry OFDM (CI/OFDM) and the Pseudo-
Orthogonal Carrier Interferometry OFDM (PO-CI/OFDM) transmitter discussed in Chapter 3,

where each information symbol is simultaneously modulated onto al/ carriers (by means of

unique CI spreading sequences) we now illustrate corresponding (novel) method for reception.
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4.1 C/YOFDM and PO-CI/OFDM Receiver Structure

After transmission over a slow frequency-selective fading channel (typical of
OFDM transmissions), each received carrier experiences a unique flat fade. The
received signal for CZOFDM, assuming the sent signal s(z) in (3.6), is mathematically

characterized by the following equation:

z

N-1

27
=4 a, 2af t+2aft+i-— k+¢ |+n(t
r(t) Za,akcos( Af+ 2afit +i ok (A] n(7)

B
il
=

(4.1)

The received signal for PO-CI/OFDM, assuming the sent signal s(#) in (3.13), is

mathematically characterized by the following equation:

2AN-IN-1

r0=4-3 3 04 cos(zrmr+2fmr+2§i~k+i-/wk +¢,~]+n<r)
k=0 i=0

(4.2)
In (4.1) and (4.2), a, and ¢, are the fade parameter and phase offset, respectively,

introduced into the i carrier by the frequency selective Rayleigh fading channel, and
n(t) is additive white Gaussian noise (AWGN). We will assume perfect phase

synchronization, for reasons of ease in presentation.

Figure 4.1 depicts the CI/OFDM and PO-CI/OFDM receiver for detection of the

K" symbol stream. The receiver (1) down converts the incoming signal #(#) (represented
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in the figure as a real-to-complex block followed by a complex down conversion, but
implemented practically with a cosiﬁe and sine (I and Q) mixer and integrator), (2)
separates the resulting complex baseband signal (generated from r(7)) mto its N
orthogonal carriers (typically implemented as an FFT), (3) compensates for the channel
phase effect, then (4) removes the K" symbol stream's phase offset (due to spreading)

from each carrier.

‘j(0+¢o) -j0?

% |
L]

o
=%

VY - jemfi+g, )

7 | Realto- ——»(%)—»
> Complex | o
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Figure 4.1: The CUVOFDM receiver for the £ symbol
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This results in the decision vector

re = (rkﬂ(o)’ rkn(l)s"-a e (N" 1))

(4.3)
For CI/OFDM, the decision variable becomes
N-1 27, 27,
rkn(i)zA-aia]:'i—A' Zala:lej[[ N ))+nl
J=0jzk (4.4)
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For PO-CI/OFDM, the decision variable is

2N-1 j(i[%{kJrAGk —(gNiﬁhA&} )JJ
nf-y__ n . n
r, (z)-A-aiak + 4 Z a,ae + n,

i
J=0,j#k

(4.5)
Now, since data symbol a; is assumed real, it suffices to consider only the real

component of the decision statistic.

That is, the decision statistic for C/OFDM is

N-1 2
rei)=4-aa; + 4 a.a’ cos(i(%-k—i-j])+ni

e N
(4.6)
and the decision statistic for PO-CI/OFDM is
2N-1
()= A-aa+4- > aalcos|i 27 k4 A0, ~(2—7Tj+A9j) +n,
J=0 gk N N 4.7)

The first term in both (4.6) and (4.7) represents a faded replica of the desired signal; the

third term is a zero mean Gaussian random variable with mean 0 and variance N% ,

expressing the impact of the AWGN; and the second term represents the presence of the
(N — 1) interfering symbols in CI/OFDM and in the presence of the (2N-1) interfering

symbols in PO-CI/OFDM -- that is, it represents inter-symbol interference (ISI).
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A combining strategy is then employed to help restore orthogonality between
symbol streams, maximize frequency diversity benefits, and/or minimize noise. In an

AWGN or flat fading channel, i.e., whenever o, =, =--- = a,, the optimal combining

N-1
is equal gain combining (EGC). That is, C; = Zrk” (i), restores orthogonality between
i=0

codes, minimizes correlation between pseudo-orthogonal codes, and minimizes noise.

The equal gain combining across decision vector components 7, (i), however, is not an
optimal strategy in a frequency selective channel (due to the carrier dependent fade, «;, ).

In such channels, the MC-CDMA literature (e.g., [60]) has shown that a minimum mean
square error combining (MMSEC) offers a performance close to that of optimal ML
(Maximum Likelihood) methods. Specifically, MMSEC jointly minimizes interference
from other spreading codes and noise, while exploiting frequency diversity. Employing

MMSE combining in the receiver leads to the decision variable:

c: =§r:(i)-[——————‘ ‘f"f }

2 N,
= Np.a +"%; (4.8)
where p; 1s a known constant for carrier / and corresponds to
R
b= 2
ol
-, else
2 (4.9)

for up to N parallel symbol transmissions (CUOFDM), and
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(4.10)

when N+1 to 2N parallel symbol transmissions occupy the system (PO-CI/OFDM).

Finally, the CI/OFDM or PO-CI/OFDM decision variable C; enters a hard decision

. . an
device, outputting a, .

The complexity of employing an MMSE cross-carrier combining in CI/OFDM is
larger than that of the usual OFDM frequency equalization. However, (1) the MMSEC
requires only per-carrier gains and phase offset estimates (as well as estimates of the
signal-to-noise ratio) which is similar to the estimates required in OFDM systems; and
(2) because a number of the weights and/or weighted terms can be shared by multiple
symbols, the total increase in receiver complexity has been shown to correspond to
(approximately) a 10% increase in number of gates. We believe this is a price well

worth paying for the gains in performance illustrated in the forthcoming sections.

4.2 Simulation Results for CI/OFDM and PO-CI/OFDM

The following section illustrates the performance of an N = 32 carrier CVOFDM

and PO-CI/OFDM system. The following channel models are employed: (1) AWGN
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channels (which form a bench mark for comparison), and (2) a frequency selective
wireless channel, where selectivity exists over the entire bandwidth, BW, but flat fading
is present over each of the N = 32 narrowband carriers. Specifically, we assumed both
2-fold and 4-fold frequency diversity over the entire bandwidth. As a result, the fading

gain (¢,'s ) in the 32 carriers are correlated according to [55]

N 1

A VI (4.11)
1+| =k '
+((Afc)J

where R, ;is the correlation between carrier i's fade and carrier j’s fade, Af, is the

frequency separation between these two carriers, and (Af), is the coherence bandwidth

(frequency range over which correlation is above 0.5) [56-57].
Figure 4.2 illustrates the bit error rate (BER) versus signal to noise ratio for
OFDM and CIVOFDM in all three channels (AWGN, 2-fold, and 4-fold frequency

diversity). Each system transmits N = 32 BPSK symbols over N = 32 orthogonal

carriers.
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Figure 4.2: BER results of CI/OFDM and OFDM

In transitioning from the flat fading AWGN case to the 2-fold or 4-fold
frequency diversity channel, the OFDM system loses approximately 17 dB of
performance at a BER of 10°. Referring to the 4-fold frequency diversity case, the
CI/OFDM system offers 10 dB performance gain over OFDM at a BER of 10”. When
the diversity gain is reduced to 2-fold frequency diversity, the CI/OFDM system offers a
performance gain of approximately 7 dB at a BER of 10, These gains are due to the
frequency diversity benefit in the CIVOFDM system. It is apparent that the intersymbol
interference due to the second term in (4.6) (reduced by the combining in (4.8)) is more
then compensated for by the gain achieved via frequency diversity (sending the same

symbol over the N =32 carriers). The performance gain is even larger at lower BER’s:
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for example, at BER of 10, an 18 dB gain is available for the 4-fold frequency diversity
case. It is also key to note that as the level of frequency diversity increases in the
channel, the CI/OFDM system will continue to outperform OFDM by larger amounts.
Again, this can be directly attributed to CI/OFDM’s ability to exploit the frequency

diversity available in the channel, whereas the OFDM system cannot.

Figures 4.3, 4.4, and 4.5 illustrate the bit error rate (BER) versus signal to noise
ratio (SNR) for OFDM and PO-CI/OFDM for 4-fold frequency diversity, 2-fold
frequency diversity, and AWGN channels. In all cases, BPSK modulation is assumed, N
= 32 carriers are employed. The OFDM system transmits K = 32 symbol streams over
the N = 32 carriers. In the PO-CI/OFDM system, by application of pseudo-orthogonal

codes to each symbol, K = 2N = 64 symbol streams are sent over N = 32 carriers.
Referring to Figure 4.3, the increased capacity 64-symbol, 32-carrier PO-
CIVOFDM system offers 8 dB gain over a 32-symbol, 32-carrier OFDM system at a BER

of 10°. While offering an 8 dB gain over the 32-symbol, 32-carrier OFDM system, it

also offers two times the throughput (64 BPSK symbols over the 32 carriers).
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Figure 4.3: Performance results for PO-CI/OFDM vs. OFDM
(4-Fold Frequency Selectivity)

Figure 4.4 illustrates the diminishing performance benefit of PO-CI/OFDM as a
function of reduced channel diversity. The PO-CI/OFDM system relies on the diversity
gain (due to spreading) to overcome the impact of pseudo-orthogonal spreading. When
the diversity gain shrinks from a 4-fold to a 2-fold gain, the PO-CI/OFDM system
experiences degradation from its 4-fold performance. Specifically: the 8 dB performance
gain of PO-CI/OFDM over OFDM at BER = 10~ in Figure 4.3 is reduced to a 6 dB gain

in Figure 4.4.
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Figure 4.4: Performance results for PO-CI/OFDM vs. OFDM
(2-Fold Frequency Selectivity)

Figure 4.5 illustrates the extreme case of an AWGN channel where no diversity gain is
available. While unrealistic in most WLAN and cellular OFDM applications (present
and future), Figure 4.5 shows PO-CI/OFDM’s reliance on the diversity of its spreading

code to outperform OFDM.
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Figure 4.5: Performance results for PO-CI/OFDM vs. OFDM
(AWGN Channel)

With no diversity available over the channel, the pseudo-orthogonal spreading of
PO-CI/OFDM causes it to experience a performance loss relative to OFDM. That is, in
an AWGN channel, the benefit of a doubling in throughput comes at a cost of some
performance degradation. As diversity becomes available to the system, PO-CI/OFDM

performance gains at a rapid rate.
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4.3 Conclusions

In this chapter, the CVOFDM and PO-CI/OFDM receivers and performances are
illustrated. In typical fading environments, CI/OFDM outperforms OFDM by 10 dB at a
BER of 10 without any cost in throughput, and with little cost in complexity. This
dramatic gain is a result of CUOFDM’s inherent ability to exploit frequency diversity

benefit via spreading.

Finally, in a frequency selective fading channel, 64-symbol, 32-carrier BPSK PO-
CI/OFDM was shown to outperform OFDM by 8 dB at a BER of 107, with little added
complexity. This gain is a result of PO-CI/OFDM’s inherent ability to exploit frequency

diversity.
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Chapter 5 Application of Channel Coding to CI/OFDM and PO-CI/OFDM

5.1 Introduction, Transmit Structure, and Receive Structure

OFDM systems typically include channel coding. The generalized block diagram
of the COFDM (Coded OFDM) transmitter is shown in Figure 5.1. Referring to Figure
5.1, traditional COFDM systems take m input bits (e.g., m = 1) and channel code them to
n output bits (e.g., n = 2). The output channel coded bits are then interleaved to ensure
that adjacent coded bits reside upon non-adjacent carriers. Following interleaving, the
interleaved, channel coded bits are mapped to PSK/QAM symbols, and finally fed into
the OFDM modulator (Figure 2.1). Then, in the same serial to parallel manner, each bit

(now coded on a symbol) is transmitted on its own carrier for a total of, e.g., N/2

information bits sent on N carriers. In this way, information bits are effectively sent on

multiple carriers, enabling frequency diversity benefits (in addition to channel coding

gain) at a cost of decreased throughput.

Binary Input —p|{ Channel
Coder

b

Interleave

A 4

Mapper

>

OFDM
Modulator

3 Channel

Figure 5.1: Simplified PHY Transmission Train for COFDM
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In our proposed Coded C/OFDM (CI/COFDM) system, each set of m input bits
are similarly coded to n output bits (e.g., 1 bit to 2 bits), interleaved, and mapped to
PSK/QAM symbols prior to entering the CI/OFDM modulator (Figure 3.1(b) and 3.1(c)).
Now, since CVOFDM already spreads each bit (coded on a symbol) onto all N carriers
(exploiting the full frequency diversity benefit), each set of coded bits 1s time interleaved
to create a time diversity benefit. The block diagram of the CI/COFDM system with a

rate ¥z coder, inclusive of this time interleaving, is illustrated in Figure 5.2.

A + B
i
2N 1 bits
N bits
Rate % f
—— | Convolutional
Coder
A B
epe @
i t | PSK/QAM
> Interleaver r > M
e - apper
¢+ Other Bits |
e e |
Symbol 1 on
Symbol 1 all carriers
Complex Input .
Symbols from A 0 J2nfet
PSK/QAM
Constellation
Mapper . Symbo} 2 on
Serial- Symbol 2 all carriers R
To- S — e
Parallel ;
:
]
! Symbol N on
Symbol N all carriers
V N-1

Figure 5.2: C/VCOFDM
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Referring to Figure 5.2, it can be seen that for a rate 2 convolutional coder, one
bit is input and two coded bits are output, creating “coded output bit 1” (denoted in
Figure 5.2 as A) and “coded output bit 2” (denoted in Figure 5.2 as B). These coded
output bits are then time interleaved onto two different CUOFDM symbols such that one
CI/OFDM symbol contains N “coded output 1 bits” and another CI/OFDM symbol
contains the second N “coded output 2 bits.” In this way, CI/COFDM has the same
degree of redundancy (i.e. same throughput) as COFDM, but instead of redundant bits
being transmitted on the carriers at the same time, they are time interleaved. CI/COFDM
then, offers the same frequency diversity benefit of CUOFDM, and adds a time diversity
benefit in addition to channel coding gain (while maintaining the same throughput of a

COFDM system).

When channel coding is applied to PO-CI/OFDM, leading to PO-CI/Coded
OFDM (PO-CI/COFDM), the transmitter operates as follows (Figure 5.3): (1) each m
input bits (e.g., m = 1) are first channel coded to n output bits (e.g., n = 2); (2)
interleaving follows where the n coded bits are interleaved such that they are sent at
different OFDM symbol times (with a time separation selected to create a time diversity
benefit); (3) next is bit-to-constellation mapping; (4) followed by serial-to-parallel
conversation and spreading of the parallel data streams. Hence, PO-CI/COFDM benefits
from (1) coding gain, (2) time diversity benefit, and (3) frequency diversity gain via the

spreading.
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At the receiver, the CI/OFDM and PO-CI/OFDM decision variable C; (of

equation 4.8) is input into a deinterleaver, followed by a soft decision decoding Viterbi
Algorithm (VA), which performs channel decoding (rather than merely entering a

decision device as with the uncoded CVOFDM and PO-CI/OFDM systems). This can be

Figure 5.3: PO-CI/COFDM

seen in Figure 5.4.
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Figure 5.4: CI/COFDM and PO-CI/COFDM receiver

5.2 Simulation Results for CI/COFDM and PO-CI/COFDM

Figure 5.5 illustrates the bit error rate (BER) versus signal to noise ratio for
OFDM, COFDM, CIVOFDM, and CI/COFDM. Each system transmits N = 32 BPSK
symbols over N = 32 orthogonal carriers. In all cases, channel coding refers to rate %
convolutional coding with constraint length 3, characterized by the generator
polynomials (5, 7)s at the transmitter and use of the Viterbi algorithm (VA) at the
receiver (channel de’coder of Figure 5.4) [67]. Again, to model a realistic wireless
environment, the Rayleigh fading channel employed in our simulation demonstrates

frequency selectivity over the total bandwidth, BW, but flat fading over each of the N
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narrowband carriers. Specifically, we assume the channel model with 4-fold frequency

diversity over the entire bandwidth (as defined in equation 4.11).

o P(E) CHC)OFDM and (C)OFDM in 4-Fold Freq. Sel. Fading Channel
10 e SItz

-1
10 e

-2 I
10

Probability of a bit error (BER)

10°
-4
10
-5
10° L COFDMY
0l 5 IR |
0 5 10 15 20 25 30

SNR per bit (dB)

Figure 5.5: CI/(C)OFDM and (C)OFDM Performance

Referring to Figure 5.5, it is observed that the traditional COFDM system gains
approximately 14 dB over OFDM at BER of 10”. The substantial benefits of channel
coding, in terms of both redundancy and frequency diversity benefit, are apparent, but
the cost is high -- in this case a factor of 2 degradation in throughput. Without any
coding or loss in throughput, CUVOFDM offers 10 of COFDM’s 14 dB gain. Moreover,
with only a 4 dB performance loss relative to COFDM, CI/OFDM is available without

the complexity of a soft decision decoding VA at its receiver.
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When the identical rate % convolutional coding scheme is applied to the
CI/OFDM system, creating CI/COFDM, 16 dB gain is achieved over OFDM, and a 2 dB
gain is available over COFDM at BER of 10°. By BER of 10* 23 dB gains are
observed in relation to OFDM and 3 dB gains are achieved relative to COFDM. The
performance benefits are observed because, not only is frequency diversity exploited,
but in addition, (1) a time diversity benefit is achieved via symbol interleaving the
channel coded symbols, and (2) convolutional decoding using a VA offers well-

documented benefits.

Among the performance benefits of CI based OFDM systems, we consider the
ability of CI/OFDM to achieve close to the performance of COFDM the most
significant. This benefit suggests that (1) 100% gains in throughput can be achieved by
CV/OFDM relative to COFDM (i.e., the throughput of uncoded OFDM can be achieved)

and (2) the cost for this throughput gain is only a 4 dB degradation.

Referring now to Figure 5.6, the increased capacity 64-BPSK symbol, 32-carrier
PO-CVOFDM system offers 8 dB gain over a 32-BPSK symbol, 32-carrier OFDM
system at a BER of 10°. While it loses 5 dB relative to the 16-information symbol, 32-
carrier COFDM system, PO-CI/OFDM has four times the throughput relative to COFDM
over the same 32 carriers (and a less complex receiver design). In Figure 5.6, the 32-
mformation symbol, 32-carrier PO-CI/COFDM system demonstrates a 2 dB gain over the
16-information symbol, 32-carrier COFDM system, and hence 14 dB over typical OFDM

at a BER of 107. This means that the interference due to spreading sequences in PO-
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CI/COFDM is more than compensated for by the gain achieved via the full frequency
diversity (sending the same symbol over the N = 32 carriers), the time diversity (induced
in time interleaving) and the VA convolutional decoding. These benefits allow the 32-
information symbol, 32-carrier PO-CI/COFDM system to slightly outperform its 16-
information symbol, 32-carrier COFDM counterpart. Hence, we can conservatively state
that BPSK PO-CI/COFDM achieves the performance of COFDM, with the same

throughput as OFDM. The cost, of course, is transmitter and receiver complexity.

100 P(E) Comparison in 4-Fold Freq. Sel. Fading Channel

-1
10
-2
10
10

-4
10

Probability of a bit error (BER)

10 15 20 25 30
SNR per bit (dB)

Figure 5.6: PO-CI/(C)OFDM and (C)OFDM Performance

When comparing system performances at a BER of 107 (typical of the

performance requirement in, e.g., an OFDM WLAN operating at a 10% PER), the
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performance of PO-C/COFDM outperforms COFDM by approximately 5 dB. Here,
gains in diversity and channel coding far exceed the losses from pseudo-orthogonal

spreading.

5.3 Conclusions

In this chapter, the CCOFDM and PO-CI/COFDM receivers and performances
are illustrated. We first demonstrated that while traditional COFDM produces a
dramatic gain in performance, CI/OFDM (without coding) offers close to the same
performance as COFDM at a BER of 102, while avoiding the cost in decreased
throughput (by a factor of 2) and the cost of increased receiver complexity (to implement
a VA). Moreover, we demonstrated that a coded version of C/OFDM, namely
CI/COFDM, which outperforms its COFDM counterpart. This results because
CUCOFDM benefits from frequency diversity, time diversity, and channel coding.
Furthermore, we have presented the coded BPSK PO-CI/COFDM system, which equals
the performance of its COFDM counterpart while demonstrating the throughput of
OFDM. This results because the benefits of frequency diversity, time diversity, and
channel coding, evident in the PO-CI/COFDM architecture, outweigh the cost of

interference due to pseudo-orthogonal spreading.
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Chapter 6 CI/OFDM with Higher Order Constellations

In earlier chapters, we showed how Carrier Interferometry (CI) codes may be
used to spread OFDM symbols over all N subcarriers to exploit frequency diversity
without loss in throughput. We also showed how the carefully selected CI codes enable a
stable transmit envelope, thereby eliminating PAPR problems. However, only BPSK was
detailed. In this chapter, we extend the proposed CI/OFDM (Carrier Interferometry with
OFDM) system by updating it for application with QAM modulation schemes. (For
example, Minimized Mean Square Error Combining (MMSEC) is derived for CUOFDM
with QAM modulation schemes.) Simulated performance results over multi-path fading

channels, as well as PAPR analysis, are presented for the higher-order modulations.

6.1 Introduction to CI with Higher Order Constellations

One of the benefits of OFDM is its spectral efficiency, and in order to achieve
high-data rates while maintaining this efficiency, most OFDM archictectures utilize
higher order modulations (e.g., 16 and 64 QAM). In earlier chapters, only BPSK

modulation was considered. For higher modulation schemes, e.g., 16QAM or 64QAM, it
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is possible that the increased MAI (multiple access interference) in CI/OFDM may

cancel some of the performance benefits achieved via frequency diversity.

In this chapter, we extend the proposed CI/OFDM architecture to study its
operation with 16QAM and 64QAM constellations. Optimal Minimized Mean Square
Error Combining (MMSEC) schemes for both modulation formats are presented.
Performance analysis and simulation results show that, even with QAM modulation

schemes, CI/OFDM still significantly outperforms OFDM, gaining 5-7 dB at a fixed

BER =10

We also analyze the PAPR benefits of CI codes in higher-order constellation
OFDM systems (QPSK, 16-QAM, and 64-QAM OFDM). This chapter confirms that the
proposed technique (of spreading the data symbols onto all carriers) ensures the
elimination of high peaks in the signal envelope (thereby eliminating the PAPR problem):
It 1s further shown that the choice of constellation size does little to change the PAPR

benefits of the CI spreading technique.
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6.2 QAM CI/OFDM Transmitter and Receiver Structures

A typical OFDM transmitter (as discussed in Chapter 2 and 3) is shown in Figure
6.1(a), and the CI/OFDM transmitter is depicted in Figures 6.1(b) and 6.1(c). (Although
previously discussed in earlier chapters, we re-present the architectures here in order to
define the unique features when using QAM.) In both OFDM and CIVOFDM, input bits
are serial to parallel converted. In OFDM, each information symbol is modulated onto a
single (unique) carrier; in C/OFDM, each information symbol 1s modulated onto a// of
the N carriers. To ensure the separation of information symbols at the receiver side, the
transmitter applies a unique orthogonal spreading code to each information symbol
(where spreading is applied in the frequency domain, i.e., across carriers (Figure 6.1(c))).
In CI/OFDM, orthogonal Carrier Interferometry (CI) codes are applied to ensure the

orthogonality among all transmitted information symbols. These spreading codes

correspond to the application of (to the k” symbol)

N-1 _
(1) = Zﬂi(k)eﬂmﬂ 0
=0 (6.1)

where (1) Af is the carrier separation (Af =1/7, to ensure carrier orthogonality); (2)
g(?) is a rectangular pulse shape of duration 7, (where 7, is OFDM symbol length); and

3) {,Bl.(k),i =01, ,N - 1} refers to k" symbol’s spreading sequence characterized by
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(b) CYOFDM Transmitter
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Fig. 6.1 (a) OFDM Transmitter, (b) CVOFDM Transmitter, detailing the Spreading
Operation in CYOFDM

The transmitted signal for the £ symbol in C/OFDM system is

s®) = Re[A 59 B (@) ejz""‘f“t]
(6.3)

— 2,
s9(0) = RG[EA R -g(f)}
pars (6.4)
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: o 1
In equation (6.4), 4 is a constant that ensures bit energy of unity (i.e, 4 = —ﬁ for

BPSK, 4= for 16QAM , and 4= for 64QAM), and s is the k"

1 1
v5-N N21-N

information symbol, and corresponds to

s® = sjk) + jsg‘)

(6.5)

where s is the so-called in-phase component of s* and sj is the quadrature

component. For BPSK modulation, s/ €{-1+1} and s’ =0. For 16QAM,
s\ e {-3,~1L+143}. For 64QAM, s\) € {~7,-5,-3,~1+1,+3,+5+7}. Also in equation

(6.4), f. is the carrier frequency.

The total transmitted signal for one entire CVOFDM symbol (considering all N

transmit symbols) corresponds to

IR - IV
S(1)=Re A-sW @ Cmia TN i gy
k=0 =0 66)
S(t)=5,(t)+S,(1)
N-1 N-l 27[
=3 > AP cos(2nf,t + 2miAfi + =k 1) g(¢)
K=0  i=0 N
N-1 N-1 “© . 2 ‘
- ZA'SQ -Sm(27‘rfct+2mAﬁ+~Nv—-k-z)-g(t) (6.7)
k=0 =0
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where S, (¢) is the in-phase component of the transmit signal and S, (¢) is the quadrature

component. Similarly, after transmission over a frequency-selective fading channel, the

received CI/OFDM signal, assuming the transmit signal in (6.7), corresponds to

r() =1, (0) + 75(0)

N-1 N-1 271_
=3 D> A-a, -5V -cosQafp+ 2mAL+ = k-i+$) - g(t)
k=0 i=0 N
N-1 N-1 27[
=3 Y Ava, sy sinQRaft + 27ilf +—]\7-k i+d) g(t)+n() (6.8)
k=0 =0

where (1) ¢,and ¢, are the fading gain and phase offset, respectively, introduced into the

i" carrier by the frequency selective Rayleigh fading channel, and (2) n(?) is additive
white Gaussian noise (AWGN). We assume perfect phase synchronization for ease in

presentation.

The receiver structure for the k" symbol in CVOFDM (with a QAM
constellation) is illustrated conceptually in Figure 6.2. Here, both the in-phase and
quadrature components of the received signal are decomposed into their N carrier
components and recombined to minimize the interference from other symbols (inter-
symbol imterference) and the noise. A hard decision devices follows to create the symbol

S(k)

estimation §;” and §(Q’°). In practice, the frequency decomposition is better implemented

(i.e., implemented at a reduced cost) by application of a single FFT.
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Figure 6.2. Receiver for CVOFDM with QAM
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6.3 Minimized Mean Square Error Combining for CI/OFDM with QAM

We will present the combiner (see Figure 6.2) for the in-phase component of the
received signal (the presentation is analogous for the quadrature component combining).

Considering the in-phase component, the decision statistics correspond to (Figure 6.2)

—'(k) = (’1(,6) "1(];) ' r[(];\/) 1
(6.9)
where
() _ (k) ) 2z ) 27 . 2T
r = da,s; +ZA&S cos( k- z—-—— I z)+ZAas sm(—]—v—-k-z~—]\—[—-l-l)+ni
Z¢k l#k
(6.10)

In equation (6.10), the first term represents the desired signal on the i* carrier, the
second and the third terms represent inter-symbol interference from the remaining N-/
symbols, and the fourth term (a zero mean Gaussian random variable with variance

N, /2) represents the contribution of additive Gaussian noise. In an AWGN or a flat
fading channel, i.e., &, = C where C is a constant, a simple equal gain combining across

carriers (index 7) causes the second and third terms (ISI terms) to sum to zero (due to the
orthogonality between CI spreading codes)). However, in a frequency selective fading
channel, a carefully designed combiner (across carriers) needs to be employed to counter
the loss of orthogonality between CI spreading codes (due to the carrier dependent gain,

a, ). The general form of the combiner corresponds to
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N-I1
R;k) = ZVVz "”1(,];)
=0 (6.11)

We propose the design of weights W, based on Minimized Mean Square Error

Combining (MMSEC) since this scheme has been shown (in the MC-CDMA literatures
e.g., [60]) (1) to exploit the frequency diversity available in a frequency-selective fading
channel and (2) to jointly minimize the inter-symbol interference (the second and third

terms in (6.10)) and the additive noise (the fourth term in (6.10)).

It is easy to show that the i” combining weight, derived via the MMSE criteria,

corresponds to

Ao, Ac,

!

Ely] NAZafE[(Sf,l))z]—i—%o— (6.12)

W, =
It is obvious that for 16QAM

Els"y?]=05-(1)* +0.5-(3) =5
(6.13)

and for 64QAM

El(s")?]=025-(1)7 +0.25-(3) +0.25-(5) +0.25(7)* = 21 (6.14)

Hence, the MMSEC weight for CUOFDM with 16QAM is

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N-iaf-sﬁ—vﬁ x/SN(af+E9)
5N 2 2
(6.15)
and for CI/OFDM with 64QAM is
,_l_ﬁa
W= J2IN _ a,
a 1 N , N,
N-——a?-21+ =% 2IN(a} +—=2)
21N 2 2
(6.16)

6.4 Channel Model and Simulated Performance Results

In this section, we test the performance of the CI/OFDM system with QAM
modulation schemes and compare these with the performance of traditional OFDM
systems. Here, simulations are performed over frequency selective Rayleigh fading
channels, where both CI/OFDM and OFDM systems employ N=48 carriers to transmit 48

data bearing symbols.

To model realistic wireless environments, the Rayleigh fading channel employed

in our simulation demonstrates frequency selectivity over the entire bandwidth, BW, but

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



flat fading over each of the N carriers. Specifically, we assumed a channel model with

coherence bandwidth, (Af),, characterized by

(Af),/BW =0.07
(6.17)

which is common for OFDM based Wireless LAN (WLAN) systems. As a result, the

a,’s in the 48 carriers are correlated according to

1
1+ - )/))

P
(6.18)

where p, ;, is the correlation between the i" carrier and the j”carrier, and (f; - f,)is

the frequency separation between these two carriers. Generation of correlated fades, for

purposes of simulation, has been discussed in [56-57].

Figure 6.3 illustrates the bit error rate (BER) versus signal to noise ratio (SNR)
results for OFDM and CI/OFDM with 16QAM and Figure 6.4 plots the same axis for
64QAM. In both figures, the curve marked with circles represents the performance of
OFDM, while the curve marked with stars represents the performance of the proposed
CIVOFDM. 1t is evident from these figures that C/OFDM significantly outperforms
OFDM in both cases. Specifically, for a 16QAM modulation scheme and a BER =107,

we observe a 7 dB gain for C/OFDM relative to OFDM. With 64QAM at BER =107,
we observe a 5 dB gain for CI/OFDM relative to OFDM. The performance benefits of

CI/OFDM over traditional OFDM (evident in from Figures 6.3 and 6.4) are a direct
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consequence of the sprcading of each information symbol over all N carriers. The
frequency domain spreading via orthogonal CI codes brings frequency diversity benefits
to CI/OFDM systems, providing gain over traditional OFDM systems (where no

frequency diversity is achieved).

—& OFDM

{ b CUOFDM.

EE RGN ket

Figure 6.3. Simulation Results for CI/OFDM with 16QAM
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Figure 6.4. Simulation Results for CI/OFDM with 64QAM

6.5 CI/OFDM with Higher Order Constellations: PAPR Benefit

1s the peak power per OFDM symbol versus

as defined in Chapter 2 and 4,

2

PAPR

the average power in that same symbol, i.e., mathematically:

S )
A
xw =1
<
S| O
g g
I

5 g
me
A af
I
~
=
R

(6.19)

The average power in both OFDM and CI/OFDM is:
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Il

NP

mean a

(6.20)

where P, is the single-carrier power

(6.21)

The OFDM method of serial-to-parallel converting incoming information symbols

and transmitting each symbol on its own unique carrier leads to the potential for high
peak power. In the worst case (WC), an in-phase coherent addition of all N carriers leads

to a Poax value of:

ve L[5 Y _Lp = Ly g
2 2 (6.22)

In CIVOFDM, presented in Chapter 3, each symbol is transmitted simultaneously
over all carriers, and an appropriate spreading sequence ensures symbol separability at
the receiver. However, our selection of spreading sequences has a second benefit: it

reduces peak power. Specifically, the spreading sequence selected

'2”1- 2x

2z
j—0-k —tk —A{N-1}k .
(i.e.,{ BB ﬁ,jv“}:{e"fv e Sy }] ensures that when one symbol’s carriers

gresy

add coherently, other symbol’s carriers do not add coherently.
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The PAPR benefit of CI/OFDM is best explained conceptually via the illustration
of Figure 6.5. Figure 6.5 plots the envelope for each of the NV transmit signals in an V-
carrier CI/OFDM system (where N = 8 in Figure 6.5). That is, each of the N = 8 solid
lines in Figure 6.5 represent the envelope of one data symbol (after spreading) in the time
domain. (In presenting Figure 6.5, we have assumed all transmit signals correspond to
constellation points with maximum amplitude.) The envelope of the composite signal

(conceptually) is the linear combination of these N waveforms — a signal with a low

PAPR.

Normalized Ampliude

Figure 6.5: Representative transmitted signal of CYOFDM

When $®{¢) (in equation (6.4)) reaches its maximum, $¥(f) (where (j # k)), is
zero. Therefore, we argue that P, »o s omy, 1S much less than B ., in almost all
OFDM symbols, and considering worst case scenarios:
NP, _

=N

PAP RWC(OFDM) I
NF, (6.23)
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and

1
E(max(kkfx S(I)D2
PAPRWC(CI/OFDM) = NP <N
o (6.24)

One way in which we can understand how the spreading codes succeed in
reducing PAPR (i.e.,, one way we can confirm the validity of equation (6.24) is to
understand the spreading codes as a DFT (FFT) operation, which counters the PAPR
problems of the IFFT (mapping one symbol per carrier). That is, the spreading codes
selected undo the IFFT operation (resolving the PAPR problem), all the while being
easily implemented into the OFDM architecture, and enabling frequency domain
processing at the transmitter and receiver. In other words, these spreading codes map the
usual OFDM system into a system analogous to the single-carrier frequency domain

equalization of [68].

This conceptual presentation of the PAPR benefit of CI/OFDM is confirmed in

the simulation of the remaining section.
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6.6 CI/OFDM with Higher Order Modulations: Simulated PAPR Benefit

Figures 6.6(a), 6.7(a), and 6.8(a) illustrate typical PAPR values across 10,000
transmissions for a 48-symbol, 48-carrier OFDM system, and Figures 6.6(b)-6.8(b) plot
the corresponding PAPR values for a 48-symbol, 48-carrier CI/OFDM system. (We
select N = 48 carriers as this maintains consistency with the IEEE 802.11a WLAN
standard.) Specifically, Figure 6.6 is a plot of PAPR values in QPSK OFDM, Figure 6.7
is a plot for 16-QAM, and Figure 6.8 details the 64-QAM scenario. Referring to Figures

6.6(2), 6.7(a), and 6.8(a), OFDM’s PAPR can be characterized as erratic.

PAPR v.s Transmission Number for OFDM - QPSK

1
v
v
1
)
&

Pt b b e ey
1000 2000~ 3000 -4000 5000 6000 7000 8000 800010000
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PAPR va Transmission Number for CUOFDM - BAVAM
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Figure 6.8: PAPR per Transmission OFDM vs. CI/OFDM - 64-QAM

Tables 6.1, 6.2, and 6.3 provide comparative values of means, variances, and peak
values in OFDM vs. CI/OFDM systems. From Tables 6.1-6.3, OFDM displays means of

4.557 (QPSK), 4.532 (16-QAM), and 4.5516 (64-QAM), while CVOFDM demonstrates

means of 2.7927 (QPSK), 3.19 (16-QAM), and 3.3166 (64-QAM).

OFDM | CI/OFDM
Average PAPR 4.5577 | 2.7927
Variance of | 1.2715 | 0.2679
PAPR
Max PAPR 12.2760 | 6.2046

TABLE 6.1: PAPR per Transmission OFDM vs. CI/OFDM — QPSK
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OFDM | CI/OFDM

Average PAPR 4.5320 | 3.19

Variance of | 1.2413 0.3996
PAPR
Max PAPR 12.1826 | 7.4230

TABLE 6.2: PAPR per Transmission OFDM vs. CUOFDM - 16-QAM

OFDM | CI/OFDM

Average PAPR 4.5516 | 3.3166

Variance of | 1.2317 0.4343
PAPR
Max PAPR 12.6422 | 7.3028

TABLE 6.3: PAPR per Transmission OFDM vs. CI/OFDM — 64-QAM

The more dramatic benefits of CI/OFDM, in terms of PAPR, come when
comparing both the variance of PAPR and the peak PAPR values. Both variance and
peak values are of far greater importance when considering operation within the transmit

power amplifier’s linear range.

Referring once again to Tables 6.1-6.3, OFDM displays variances of 1.2725
(QPSK), 1.2413 (16-QAM), and 1.2317 (64-QAM), whereas CI/OFDM displays
variances of 0.2679 (QPSK), 0.3996 (16-QAM), and 0.4343 (64-QAM). In all three
constellation formats, the OFDM variances are roughly a factor of 3 higher than in the
proposed C/OFDM system: The range of values a transmit amplifier must accommodate

are far fewer in a CI/OFDM system. Moreover, the peak PAPR values (over a typical
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10,000 symbol transmission) in the CI/OFDM system are approximately half of those

experienced in the traditional OFDM system (~ 6 for CVOFDM vs. ~ 12 for OFDM in all

three constellation formats).

Figures 6.9, 6.10, and 6.11 compare the cumulative distribution function (CDF) of
the PAPR for QPSK, 16-QAM, and 64-QAM respectively (OFDM vs. CIVOFDM), while
Table 6.3 displays the 90% and 99% values from Figures 6.9-6.11. Referring to Figures
6.9-6.11, C/OFDM systems demonstrate a far more desirable CDF than that of OFDM

systems, regardless of transmit constellation size or type.

The PAPR benefit of CYOFDM can translate to an increase in transmission range.
Specifically, assume that clipping (due to saturation of the transmit power amplifier)
must occur no more than 10% of the time. In this case, referring to Table 6.4, we must
not clip any OFDM symbols with PAPR < 6 (any OFDM symbol with PAPR > 6 may be
clipped). Therefore, assuming a peak (max) power of 100 mW, the average power =

peak power/6 = 16.67 mW.

For CI/OFDM systems (with clipping permitted no more than 10% of the time), a
CI/OFDM symbol with PAPR < 4 must experience no clipping (any CI/OFDM symbol
with PAPR > 4 may be clipped). Therefore, (again assuming a peak (max) power = 100
mW) the average power = peak power/4 = 25 mW. By direct comparison, we observe

that, at a fixed clipping percentage of 10%, a CI/OFDM system may operate with an
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average power of 25 mW, whereas an OFDM system must operate at 16.67 mW. That is,

CI/OFDM enjoys a 2 dB gain in transmit power.

Continuing the above discussion, the transmit signal in CVOFDM systems will be
received at a signal power of 2 dB more than that of OFDM. Therefore, if we consider
that power decreases as a function of 2, i.e., as a function of 20log(r), additional range
equates 20log(r) = 2, i.e., CUOFDM offers a range-increase-factor of 1.26. If OFDM
demonstrates a range of 60 ft., CI/OFDM demonstrates a range of ~76 ft. If OFDM can

operate at 90 ft., CI/OFDM operates at ~113 ft.

COF of PAPR for OFDMvs. CHOFDM =~ QRSK: -
1 T . T T S
) S e s e e
CI/OFDM: : ;
W e B E L S o e o
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Q: T ¥ ¥ 1 1
el 1 S i e M 7]
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Figure 6.9: Cummulative Distribution Function for PAPR
OFDM vs. CI'OFDM - QPSK
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QPSK [ 16-QAM | 64-QAM
90%
OFDM | 6.0143 | 59953 | 6.0001
CI/OFDM | 3.4872 | 4.0379 | 4.0379
99%

OFDM | 82132 8.115 8.096

CI/OFDM | 4.2932 | 5.079 5.3824

TABLE 6.4: CDF PAPR Relations for OFDM vs. CVOFDM

6.7 Conclusions

In this chapter, the performance of CI/OFDM with QAM modulation schemes is
analyzed. In frequency selective fading channels, CVOFDM outperforms OFDM by, e.g.,
7 dB (for 16QAM) and 5 dB (for 64QAM) at a BER of 10~ (without any cost in
throughput, and with little cost in complexity). This is a direct consequence of
CI/OFDM’s inherent ability to exploit the frequency diversity available in frequency-
selective channels. It also proves that the increased interference created in multiple
constellation symbols per carrier is more than compensated for via the CI technique of

exploiting the frequency diversity of the channel.

We also demonstrated that the PAPR benefits of the CI/OFDM architecture
extend to multiple higher-order constellations. We observe that regardless of

constellation size (2, 4, 16 or 64) or type (PSK or QAM), CI spreading codes eliminate
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high peaks in transmit power by careful creation of the per-symbol envelopes. Problems
associated with large PAPR (in terms of complexity, e.g., coding, or out-of-band
distortion, e.g., clipping) are eliminated. In short, excellent transmit PAPR is available

via CI codes regardless of constellation size or type.
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Chapter 7 Application of CI/OFDM to IEEE 802.11a,g WLAN:

Emulation and RF Testing

The emerging Wireless Local Area Networks (WLANSs) represent tether-less
broadband networks capable of supporting a variety of multimedia applications. These
networks promise to bridge the gap between the dependable high-throughput wired world

and the convenience of the wireless world.

Intense research in the area of Wireless Local Area Networks (WLANS) has been
ongoing for the past decade (e.g., [69-73]). Coupling the research efforts with a
standardization effort, the IEEE 802.11a 5 GHz WLAN standard [17] has emerged.
Under IEEE 802.11a Physical Layer (PHY) specifications [74], Orthogonal Frequency
Division Multiplexing (OFDM) is the modulation scheme of choice. OFDM is selected
because of its well-known ability to avoid multipath effects while supporting high data
rates: By serial-to-parallel converting one high-rate symbol stream into N low rate
symbol streams, and transmitting each parallel stream over its own orthogonal carrier, the
data rate in OFDM (per carrier) is effectively reduced by a factor of N from the original
data rate. Hence, the bandwidth per carrier is only (I/N)" of the overall system

bandwidth and, as a result, each carrier now experiences a flat fade upon transmission
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[19]. Utilizing this OFDM strategy in WLAN minimizes the impact of multipath in

frequency selective channels.

7.1 Intreduction to CI/OFDM in IEEE 802.11a WLAN

One concern in OFDM, and therefore IEEE 802.11a, is that each carrier
experiences a flat fade, and, hence, each carrier arrives at the receiver with a different
amplitude. Even in the presence of very sensitive equalizers, data is lost in deep fades.
WLAN systems combat this problem via the addition of redundancy, incorporating
Forward Error Correction (FEC) convolutional coding (of rate 1/r) into the PHY prior to
OFDM modulation and transmission, effectively allowing each symbol to be sent over n
distinct frequencies. This introduction of redundancy and frequency diversity overcomes
much of the signal degradation due to fading. The downside of such a coding is reduced

throughput (by a factor of n).

As presented in Chapters 2-6, many of OFDM’s shortcomings may be overcome
by the introduction of Carrier Interferometry (CI) spreading codes, which dramatically
improve the performance of OFDM and COFDM. In the so-called CI/OFDM, each of
the N low rate parallel symbol streams is simultaneously modulated onto all N carriers by

application of a unique orthogonal complex spreading sequence (applied in the frequency
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domain). This creates frequency diversity benefits for each symbol stream, leading to

high performances without a decrease in throughput.

In this chapter, we apply Carrier-Interferometry OFDM to WLAN, creating CI-
WLAN. We demonstrate how, in an indoor office test environment at a probability of

error of 107, our CI-WLAN gains 3 dB in performance over WLAN.

7.2 IEEE 802.11a Physical Layer

Figure 7.1 illustrates the main transmission blocks for WLAN as specified by
IEEE 802.11a [74]. Referring to the “channel coder” block, channel coding is derived
from a rate 4, constraint length 7 convolutional code utilizing 133 and 171 generator

polynomials. Rates %4 and ¥, are available through puncturing.  The “interleaver”

block of Figure 6.1 serves a two-fold purpose: First, it ensures adjacent, coded bits are
sent on non-adjacent carriers, and second, it alternates assignment of the adjacent, coded
bits to constellation bits of greater and lesser importance. Following the interleaver is the
“mapper,” where, the carrier modulation scheme (BPSK, QPSK, 16QAM, or 64QAM) is
employed. Situation dependent data rates of 6, 9, 12, 18, 24, 36, 48, and 54 Mbits/s are
possible through appropriate choice of channel coding rate and symbol modulation

(“mapper”) scheme. The “OFDM modulator” block represents a 52 carrier OFDM
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modulation scheme (i.e., the OFDM transmitter of Chapter 2, Figure 2.1), operating in
the 5 GHz frequency band: 48 of the 52 carriers are information bearing and the

remaining 4 contain pilot information necessary for phase tracking in coherent detection.

Carrier spacing (Af) is 312.5 kHz.

Binary Input | Channel | | Interleaver | ! Mapper |- OFDM [ Channel
Coder Modulator

Figure 7.1: Simplified PHY Transmission Train for WLAN

7.3 CI-WLAN Transmitter Architecture

The usual OFDM modulator in WLAN is shown in Figure 7.2(a), whereas the
proposed CI/OFDM modulator structure for CI-WLAN is shown in Figures 7.2(b) and
7.2(c). To review, both OFDM and CI/OFDM serial-to-parallel convert the high-rate
input symbol stream. Next, in OFDM, each low-rate symbol stream is modulated onto its

own carrier and sent out over the channel. The symbol stream-to-carrier mapping in

N-1
OFDM can be described as follows: the spreading code ¢, (1) = Y Be’**™" is applied to

i=0

symbol stream k where B =1 and B/ =0 (j #k).
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In CI/OFDM, on the other hand, each low-rate symbol stream is spread onto a/l of

N-1 N _
the N carriers. Specifically, the spreading code c,(r) =Y Bie’*"™"is applied to symbol

i=0

. i 27 )
stream k, where S =¢/*, and ¢ = 3 %7 has been carefully selected to allow

symbol stream k to be separable at the receiver from the other symbols located on

identical carriers. In other words, the spreading sequence
0 gt N-tl_ ) 8 6l 68 . ki 1
BesBes- B (= el e applied to symbol stream £k is selected to ensure

orthogonality between K = N transmitted symbol streams, even though symbol streams

occupy the same carriers at the same time.

That is, CI/OFDM’s spreading sequences (referring to Chapter 3) simultaneously
support K = N orthogonal symbol streams by selecting N spreading sequences

corresponding to:

27 2

2z
. . AN- ok 1k =—(N-1}k
0 pl N1l _ ) e el Il S v B Y
{ﬂk,ﬁk,..., s }—{e Lel el (=e N e N eV
(7.H)

The transmitted signal for the & symbol stream (& branch out of the serial-to-

parallel converter) in CUOFDM (and therefore CI-WLAN) is:

5,(1) = 4-Relaje, (e (7.2)
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N-1 )

_ " 8L jrminft 2w fot

s ()= A-Re{ak E e’te e }
i=0

(7.3)

N-1 27(
s, (H=4- afcos(27y‘ct+27zfit+——i~k)
OREI v 04

where: (1) a! is the n™ symbol in the £” symbol stream and is assumed to be +1 or -1
with equal probability (in this chapter, for ease in presentation); (2) f; =iAf, and
A = }/Ts (Ts is the symbol rate after serial-to-parallel conversion) to assure orthogonality

among carriers; and (3) 4 is a parameter used to establish the symbol energy.

When this strategy is applied to the 802.11a transmission train model of Figure
7.1, the transmitter operates as follows: (1) each m input bits (e.g., m = 1) are first
channel coded to n output bits (e.g., n = 2) (puncturing is applied to create lower rate
FECs as necessary); (2) interleaving follows where the n coded bits are interleaved such
that they are sent at different OFDM symbol times (with a time separation selected to
create a time diversity benefit); (3) next is bit-to-PSK or bit-to-QAM symbol mapping;
(4) followed by the CIVOFDM modulator block characterized by Figures 7.2(b) and (c)
and equations (7.1) — (7.4). Hence, CI-WLAN benefits from (1) coding gain, (2) time
diversity benefit, and (3) frequency diversity gain via the spreading. Figure 6.2 illustrates

the CI-WLAN PHY transmitter architecture.
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7.4 Receiver Architecture

Figure 7.2: CI-WLAN

After transmission over a slow frequency-selective fading channel (typical of

WLAN transmissions), each received carrier experiences a unique flat fade. Assuming

the sent signal s(z) from (7.4), the received signal is mathematically characterized by the

following equation:
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where (1) «,and ¢,are the fade parameter and phase offset, respectively, introduced into

the i carrier by the frequency selective fading channel, and (2) n(?) is additive white
Gaussian noise (AWGN). Perfect phase synchronization is assumed for simplicity in

presentation.

Figure 7.3 depicts the CI-WLAN receiver for detection of the & symbol stream

(conceptually).
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Figure 7.3: CI-WLAN receiver
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The receiver separates r() into its N orthogonal carriers (typically implemented as
an FFT), then removes the K" symbol stream's phase offset from each carrier (i.e.,
despreads). This results in the decision vector,

r = (rkn (0)9 R (1)9--»’"/:1 (N_ 1))
(7.6)

N-1 2 2 .
ri)=A-aa] +4- Z aa) cos(i(—]—vgk ——ﬂ])j+ni

J=0,j#k

(7.7)

The first term in (7.7) represents the presence of the desired symbol in the i
carrier, the second term represents the presence of the N-1 other symbols spread onto the
same carrier, and the final term is a Gaussian random variable of mean 0 and variance
No/2 representing the impact of AWGN. A combining strategy is then employed to help
restore orthogonality between symbol streams, maximize frequency diversity benefits,
and/or minimize noise. In an AWGN or flat fading channel, i.e., whenever

a, =a, =--=a,, the optimal combining is equal gain combining (EGC). That is, by

N-1
performing C; = Zrk” (i ) , we restore orthogonality between codes, minimizes correlation
i=0

between pseudo-orthogonal codes, and minimize noise. The equal gain combining across
decision vector components #’ (i), however, is not an optimal strategy in a frequency
selective channel (due to the carrier dependent fade, ;). In such channels, a minimum

mean square error combining (MMSEC) offers a performance close to that of optimal
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ML (Maximum Likelihood) methods [75]. Specifically, MMSEC jointly minimizes
interference from other spreading codes and noise, while exploiting frequency diversity.

Employing MMSE combining in the receiver leads to the decision variable:

n = af-. o, (7 8)
G- S0 -

where p; is a known constant for carrier i: When N symbol streams are spread over the N

OFDM carriers with orthogonal CI codes,

(7.9)

Returning to the CI-WLAN receiver cascade of Figure 7.3, the combiner output
C, is then input into a deinterleaver, followed by a soft decision decoding Viterbi

Algorithm (VA) performing channel decoding.
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7.5 Simulated Performance Results

For simulation purposes, WLAN system parameters were carefully selected. At
the WLAN transmitter, (1) the convolutional coding applied is rate /2 with constraint
length 3; and, (2) bit-to-BPSK mapping is employed. To emulate realistic wireless
environments, we assume a Rayleigh fading channel with frequency selectivity over the
entire bandwidth, BW, but flat fading over each of the N carriers. Since it is possible for
root mean squared (rms) values of delay spread (T,,) to vary from 20-50 ns for small
office/home office (SOHO) and from 50-100 ns for large office buildings [76], rms delay
spreads of 35 ns and 100 ns, as specified by the UMTS channel model [77], were utilized.
These delay spreads create a 2.8-fold and an 8.125-fold frequency diversity, respectively,
over the entire bandwidth. With this characterization, the correlation of the channel fades

(a@,'s) corresponds to [55]:

1 (7.10)

where R, ;is the correlation between carrier i’s fade and carrier j's fade, A, is the

frequency separation (312.5(i-j) kHz) between these two carriers, and (or) is the channel

coherence bandwidth (well approximated by 1/57,,).

Simulation results are presented in Figure 7.4, where curves are labeled using the

following definitions. (1) AWGN, demonstrated by a dashed line, refers to the ideal
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performance of BPSK in an additive white Gaussian noise (AWGN) channel. (2) WLAN
refers to the performance of IEEE 802.11a as proposed in the standard (with BPSK) and
with traditional Coded OFDM transmitting 24 information bits on its 48 carriers (the
remaining 24 bits are redundant bits generated from the channel coder). (3) CI-WLAN
refers to WLAN employing CI/OFDM to replace traditional OFDM, when N = 48
symbol streams are sent on N = 48 carriers by application of the CI orthogonal spreading
codes (equation (7.1)). Here, of the 48 BPSK symbol streams, 24 are information bearing

and 24 contain the redundancy generated by channel coding.

Referring to Figure 7.4, we observe, at a BER of 107, the C-WLAN system in
the large office building environment (i.e., Ty, = 100 ns) outperforms current WLAN by 3
dB. Even in the SOHO environment (i.e., Tm = 35 ns), where frequency diversity is
small, the CI-WLAN system outperforms WLAN by 1 dB. We can also see that
variation in delay spread, from 35 ns to 100 ns, has no effect on the traditional WLAN
system. This is because only a limited frequency diversity is exploited in current WLAN
systems. The CI-WLAN architecture, on the other hand, exploits the full frequency
diversity available on the channel. Preliminary results for channels with higher delay
spreads (i.e., large warehouses and outdoor pedestrian) show the performance gain of CI-

WLAN, relative to WLAN, continuing to increase.

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



WLAN vs. C-WLAN ( Tm = 35, 100 ns )
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Figure 7.4: Performance results for WLAN vs. CI-WLAN

7.6 RF Testing of the CI-WLAN System

RF testing was performed in May 2002 to compare WLANs and CI-WLANs.
The equipment setup is illustrated in Figure 7.6. Referring to Figure 7.6, a laptop
computer, running the Agilent Signal Studio software package, generates OFDM and
COFDM transmit signals in a manner consistent with the IEEE 802.11a standard. That
is, the output of the laptop corresponds to the output of the transmit chain of Figure 7.5.
Specifically, (1) pseudo-random bits are input into a convolutional encoder, (2) encoded

bits are fed into the interleaver, (3) encoded and interleaved bits enter a bit-to-symbol
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mapper (e.g., bit-to-BPSK mapper), (4) header information is appended to the data, and
finally, (5) the header and data enter an IFFT (Inverse Fast Fourier Transform), which

acts as the OFDM modulator block (here, the 4 pilot tones are inserted).

Binary Input —p| Channel |—p| Interleaver |—» Mapper ! OFDM  t—p Channel
Coder Modulator

Figure 7.5: Simplified PHY Transmission Train for WLAN

Laptop Signal RF LNA 89640A Laptop

PC B Generator Amplifier VSA

£

Figure 7.6: Generalized block diagram of testing setup

To generate a WLAN and CI-WLAN, the “OFDM modulator block,” in Figure
7.5, 1s replaced by a “CI/OFDM modulator block,” matching Figure7.2. This change was
enabled in the software of the Agilent Signal Studio software package (with the direct
support of Agilent software engineers). This allowed each incoming data symbol to be
spread across all N (48) carriers by application of CI spreading codes. It is important to
note that the CI spreading codes were only applied to the data portion of the signal -- the

header information (as well as the pilot tones) were left untouched. Specifically, the
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short and long training sequences, along with the cyclic prefixes, were not CI encoded,
enabling traditional detection of header (and training) information at the receiver (the
Agilent 89640A Vector Signal Analyzer). Figure 7.7 shows the Agilent Signal Studio

software’s interactive screen.

Figure 7.7: Modified Agilent Signal Studio Interactive Program

Referring to Figure 7.7, it can be seen that any of the IEEE 802.11a characteristics
can be defined (e.g., modulation (shown as QAM®64) and coding rate (shown as % Rate).

The “OFDM Modulator” block (OFDM transmitter of Figure 2.1) can also be updated to
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reflect the CI/OFDM modulator block (shown in Figure 7.7 as CI-OFDM). Finally, the
software also grants the ability to change the input data stream (shown in Figure 7.7 as
Data Type: PN9). Input data sequences for both OFDM and CIVOFDM (or COFDM
and CI/COFDM) were generated via binary pseudo-random input generators. Each trial
consisted of 198 symbols x 48 carriers x 1 BPSK bit/symbol, or 9,504 data bits/packet.
When rate ¥ channel coding was enabled, the number of information bits per packet

corresponded to 4,752 information bearing data bits/packet.

Returning to Figure 7.6, the OFDM symbols or C/OFDM symbols were
downloaded from the laptop to an Agilent E4438C Signal Generator via a standard bi-
directional LAN cable. The E4438C signal generator output corresponds to the OFDM
or C/OFDM packet modulated to 2.49 GHz. The RF signal was fed into an
omnidirectional antenna with 4 dBi gain, and the transmission power was varied up to +3
dBm. The transmit RF signal traveled over the indoor office test environment, discussed

next.

Figure 7.8 illustrates the office test environment in Superior, Colorado, consisting
of component cubical offices. As seen in Figure 7.8, two transmit locations were
selected, with transmitter/receiver separation distances of 87 feet and 117 feet
respectively. In both cases, the reflectors include four walls, a stairwell, and several
office cubicles. The transmit antenna was located at a height of 4 feet, while the receive

antenna was located at a height of 6 feet (to emulate an access point on an average shelf).
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X 1: 117

Cinder Block Stairwell

X 2: 87’

+— % Cubicle stations

Figure 7.8: Indoor Office Test Environment

At the receive side (Figure 7.6), the signal is received via an omnidirectional
antenna with 4 dBi gain, and is passed through a 26 dB gain Low Noise Amplifier
(LNA). Finally, the received signal enters the Agilent 89640A Vector Signal Analyzer
(VSA). The VSA is configured to receive an IEEE 802.11a formatted signal at 2.49
GHz. This Agilent VSA (1) utilizes the short and long training sequences to perform
frequency and phase synchronization, (2) removes the cyclic prefix, and (3) performs a
decomposition of the OFDM symbol into multiple carriers, by application of an FFT
(Fast Fourier Transform). Using an IEEE 1394 firewire, this data is restored in a laptop

where the remainder of the receiver operations are implemented via Matlab. (For
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example, in COFDM, signals are deinterleaved and fed into a soft decision decoding

Viterbi Algorithm (VA).)

In C/OFDM, the laptop (via Matlab code) implements the MMSE combiner of
Section 7.4 (which utilizes the channel fade information as well as an estimate of the
noise power). The output of this MMSEC operation is then input through the

deinterleaver, followed by the soft decision decoding VA.

A BER analysis was performed upon completion of the respective receive

processes. The results of the analysis are detailed next.

7.7 RF Testing of the CI-WLAN System: Results

Figure 7.9 illustrates the bit error rate (BER) versus transmit power for OFDM,
COFDM, CI/OFDM, and C/COFDM when implementing the RF testing detailed in
Section 7.6. Referring to Figure 7.9, we see that at BERs between 10~ and 10, the
CIVOFDM WLAN system consistently outperforms traditional OFDM WLAN by 5-7 dB.
This s a direct consequence of the frequency diversity gain exploited by the spreading
codes of the CI/OFDM architecture. The loss due to inter-symbol interference in
CIVOFDM reception (equation (7.7)), is more then compensated for by the gain achieved

via diversity (sending the same symbol over the N = 48 carriers).
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RFE Test Results

bt o N TR R Y

BER

transmit power in dbm

Figure 7.9: Probability of a bit error (BER) vs. Transmit Power in dBm

Figure 7.10 shows the computer emulations from Section 7.5, where an IEEE
802.11a WLAN system was compared to the same system with the OFDM modulator
replaced by a CI/OFDM modulator. The dB gain observed for CI/COFDM in the
simulation ranges from 1 to 4 dB for BERs between 10° and 10, depending on the
channel delay spread, T,, (larger delay spreads create larger gains), and BER of interest
(lower BER implies larger gain). That is, the actual RF testing (by application of CI
technology) suggests gains even larger than those observed in the computer-based

emulation.
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COFDM vs, C/COFDM ( Trm=35, 100 ns)
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Figure 7.10: Simulated performance results for WLAN vs. CI-WLAN

7.8 Conclusions

In this chapter, RF test performance results of C/OFDM and CI/COFDM versus
OFDM and COFDM were presented. In the frequency selective indoor office, CI-WLAN
gains 5-7 dB over traditional WLAN at a BERs between 10~ and 10™. This gain is a
result of CI/OFDM’s mnherent ability to exploit frequency diversity by spreading each
information symbol over all N carriers. Therefore CI-WLAN’s performance benefits far

outweigh the cost of a small addition to transmitter and receiver complexity.
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Chapter 8 Application of CI/OFDM to Fixed Broadband: RF Testing

Wireless technologies are currently being developed that rival traditional, long
distance cabled networks such as fiber optic links, coaxial cable modems, and digital
subscriber lines. These systems hope to mesh dependable high-rate data transfer with the
ease of wireless networks, moving from the indoor WLAN (Wireless Local Area
Networks), to vast outdoor environments. The emerging technologies represent tether-
less broadband networks capable of supporting a variety of multimedia applications over

building-to-building or metropolitan areas.

Orthogonal Frequency Division Multiplexing (OFDM) is one of the physical layer
schemes under development for future Fixed Broadband networks and fourth generation
cellular applications (4G) [15][78-80]. As discussed in previous chapters, OFDM avoids
multipath effects while supporting high data rates: By serial-to-parallel converting one
high-rate symbol stream into N low rate symbol streams, and transmitting each parallel
stream over its own orthogonal carrier, the data rate in OFDM (per carrier) is effectively
reduced by a factor of NV from the original data rate. Hence, the bandwidth per carrier is
only (. 1/N)™ of the overall system bandwidth and, as a result, each carrier now
experiences a flat fade upon transmission [19]. Utilizing this OFDM strategy in Fixed
Broadband, or other outdoor, distance architectures, the impact of the high-multipath,

frequency selective channels can be mitigated.
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In an outdoor Fixed Broadband or 4G scenario, each carrier experiences a flat
fade, and, hence, each carrier arrives at the receiver with a different amplitude. Even in
the presence of very sensitive equalizers, data is lost in deep fades. Similar to WLAN
systems, Fixed Broadband systems like IEEE 802.16, combat this problem via the
addition of redundancy, incorporating Forward Error Correction (FEC) convolutional
coding (of rate 1/n) into the PHY prior to OFDM modulation and transmission,
effectively allowing each symbol to be sent over n distinct frequencies [20]. This
introduction of redundancy and frequency diversity overcomes much of the signal
degradation due to fading. The downside of such a coding is reduced throughput (by a

factor of n).

As presented in Chapters 3-6, the problems incurred by OFDM may be overcome
by the introduction of Carrier Interferometry (CI) spreading codes. These CI spreading
codes dramatically improve the performance of OFDM and COFDM. Frequency
diversity benefits are introduced into the OFDM architecture by simultaneously
modulating each of the N low rate parallel symbol streams onto all N carriers via
application of a unique orthogonal complex spreading sequence (applied in the frequency
domain). These frequency diversity benefits for each symbol stream lead to high

performances without a decrease in throughput.

In this chapter, we illustrate the effectiveness of Carrier-Interferometry OFDM in

outdoor, terrestrial networks, creating Cl-Fixed Broadband. Using RF tests, we
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demonstrate how, in the outdoor test environment, our CI-Fixed Broadband system offers

significant performance benefits.

8.1 Physical Layer

Figure 8.1 demonstrates the typical, generalized physical layer (PHY) for
terrestrial systems utilizing OFDM, such as IEEE 802.16 Fixed Broadband [81]. Similar
to the WLAN systems of Chapter 7, the incoming data stream is first channel coded
(“channel coder” block). Coding is typically a rate ', constraint length 7 convolutional
code, but current research is being conducted including, e.g., block coding strategies [82].
The channel coded bits then enter an “interleaver” (Figure 8.1), which serves a two-fold
purpose: First, it ensures adjacent, coded bits are sent on non-adjacent carriers, and
second, it alternates assignment of the adjacent, coded bits to constellation bits of greater
and lesser importance. Following the interleaver is the “mapper,” where, the carrier
modulation scheme (BPSK, QPSK, 16QAM, or 64QAM) is employed. The mapped
symbols then enter an “OFDM modulator” block. In the OFDM scheme explored for use
in IEEE 802.16, a 256 point IFFT is utilized to modulate the data symbols onto 216

carriers.
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Binary Input | Channel | | Interleaver || Mapper —p/ OFDM |y Channel
Coder Modulator

Figure 8.1: Simplified PHY Transmission Train for Fixed Broadband

8.2 RF Testing of the CI-Fixed Broadband System

RF testing was performed in January 2003 to compare CI/OFDM and CI/COFDM
with similar OFDM and COFDM over terrestrial links. In order to utilize previously
constructed CI test equipment, the IEEE 802.11a setup of Chapter 7 was employed. The
equipment setup is illustrated in Figure 8.2. Referring to Figure 8.2, a laptop computer,
running the Agilent Signal Studio software package, generates OFDM and COFDM
transmit signals in a manner consistent with the IEEE 802.11a standard. That is, the
output of the laptop corresponds to the output of the transmit chain of Figure 8.1.
Specifically, (1) pseudo-random bits are input into a convolutional encoder, (2) encoded
bits are fed into the interleaver, (3) encoded and interleaved bits enter a bit-to-symbol
mapper (e.g., bit-to-BPSK mapper), (4) header information is appended to the data, and
finally, (5) the header and data enter an IFFT (Inverse Fast Fourier Transform), which

acts as the OFDM modulator block (here, the 4 pilot tones are inserted).
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Figure 8.2: Generalized block diagram of testing setup

To generate CI/OFDM and CI/COFDM in Fixed Broadband, the “OFDM
modulator block,” of (Figure 2.1), is replaced by a “CI/OFDM modulator block,”

matching Figures 3.1(b) and 3.1(c).

In RF testing, this change at the transmitter is enabled in the software of the
Agilent Signal Studio software package (with the direct support of Agilent software
engineers). Here, each incoming data symbol is spread across all N (48) carriers by
application of CI spreading codes. It is important to note that the CI spreading codes
were only applied to the data portion of the signal -- the header information (as well as
the pilot tones) were left untouched. Specifically, the short and long training sequences,
along with the cyclic prefixes, were not CI encoded, enabling traditional detection of
header (and training) information at the receiver (the Agilent 89640A Vector Signal

Analyzer).
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For the purposes of RF testing, input data sequences for both OFDM and
CI/OFDM (or COFDM and CI/COFDM) were generated via binary pseudo-random input
generators. Each trial consisted of 198 symbols x 48 carriers x 1 BPSK bit/symbol, or
9,504 data bits/packet. When, rate % channel coding was enabled, the number of

information bits per packet corresponded to 4,752 information bearing data bits/packet.

The OFDM symbols or CIVOFDM symbols were downloaded from the laptop to
an Agilent E4438C Signal Generator via a standard bi-directional LAN cable. The
E4438C signal generator output corresponds to the OFDM or CVOFDM packet
modulated to the appropriate frequency. The RF signal was fed into a power amplifier,

and finally into a wideband (approximately 100 MHz) directional antenna.

At the receive side, the signal is received via a wideband (approximately 100
MHz) Yagi antenna. Next, frequency band specific LNA’s (low noise amplifiers) and
filtering were applied when available: unfortunately, the LNAs were only available for
the lower UHF frequency of test. Therefore, the upper UHF frequency tests did not
benefit from amplification or filtering to overcome equipment noise figures. Finally, the
received signal enters the Agilent 89640A Vector Signal Analyzer (VSA). A screen
capture of the received signal in the high-multipath outdoor environment is shown in
Figure 8.3. Referring to Figure 8.3, the lower, left hand portion displays the spectrum of
the received CI/OFDM signal. As is evident from this spectrum, frequency selectivity is

substantial across the transmit bandwidth. The VSA (1) utilizes short and long training
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sequences to perform frequency and phase synchronization, (2) removes the cyclic prefix,
and (3) performs a decomposition of the OFDM symbol into multiple carriers, by
application of an FFT (Fast Fourier Transform). Using an IEEE 1394 firewire, this data
is restored in a laptop where the remainder of the receiver operations are implemented via
Matlab. (For example, in COFDM, signals are deinterleaved and fed into a soft decision

decoding Viterbi Algorithm (VA).)

Figure 8.3: Screen Capture of the Received CI Signal in the Terrestrial Environment

In CI/OFDM, the laptop (via Matlab code) implements the MMSE combiner of

Section 4.4 (which utilizes the channel fade information as well as an estimate of the
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noise power). The output of this MMSEC operation is then input through the

deinterleaver, followed by the soft decision decoding VA.

A BER analysis was performed upon completion of the receive processes. The
results and an analysis are detailed next. (In the results that follow, a 0 (zero) BER was
observed in a number of instances. Due to equipment limitations regarding the number
of bits we could receive and process at one time, the 0 BER relates to a BER that is less
than 6x107 for BPSK, less than 3x107 for QPSK, less than 2x107 for 16-QAM, and less

than 1x107 for 64-QAM, based upon a 95% confidence interval.)

8.3 RF Testing of the CI-Fixed Broadband System: Results

Using the mobile receive arrangement of Figure 8.2, a location was chosen at
approximately 1.6 miles for the purposes of this RF test. The system was first configured
to transmit and receive the CI/OFDM signal in the lower UHF band. This test only
examines the feasibility of reception, and as such, consists of three data points taken at
the transmit power levels illustrated in Table 8.1 (0.4, 0.295, and 0.2 W), with 64QAM
and no channel coding, no filtering, and no LNA. In essence, this test portrays the
absolute worst case scenario at the distance of 1.6 miles, as an unnecessarily wideband
Yagi antenna was used for reception and no filtering or amplification is applied to

overcome the Agilent equipment’s internal noise figures.
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Power
Protocol | (Un)Coded| Modulation {W) Frequency BER
CIOFDM| uncoded 64QAM 04 Lower UHF 0
CI/OFDM| uncoded 64QAM 0.295 Lower UHF 0
CHOFDM | uncoded 64QAM 0.2 Lower UHF 0.2627

Table 8.1: Test Matrix at 1.6 Miles for the Preliminary C/OFDM Reception

Referring to Table 8.1, the CI/OFDM signal, with no channel coding and
64QAM, represents a 72 Mbps transmission over 1.6 miles. At a transmitted power of
equal to, or more than 300 mW, a zero bit-error-rate (BER) is achieved. Again, it is
important to note that no LNA or filtering were utilized, even with a ~100 MHz-wide

Yagi antenna.

Next, a full BER analysis (analysis where 10 independent BERs were calculated
and then averaged) was conducted for BPSK OFDM and CI/OFDM at a lower UHF
frequency. Again, no LNA or filtering is used in the receive chain. Tables 8.2 and 8.3
display three sets of 10 received BERs for OFDM and CI/OFDM (respectively) at 1.6

miles.

Referring to Tables 8.2 and 8.3, it can be seen that the lack of a receive LNA
and/or filtering attributed to large transmit powers, necessary to fully synchronize the
receive equipment to the signal. While these transmit powers correspond to illogical
values in actual systems, they work to prove the viability of the CI/OFDM architecture

for the terrestrial links. As will be shown later in this section, application of an LNA and
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filtering within the receive chain act to overcome the noise figures of the receive

equipment and allow for dramatically lower transmit powers.

Protocol |{Un)Coded| Modulation | Power {W) Frequency BER
OFDM | uncoded BPSK 18 Upper UHF 0.0119
OFDM | uncoded BPSK 18 Upper UHF 0.018
OFDM | uncoded BPSK 18 Upper UHF 0.0122
OFDM | uncoded BPSK 18 Upper UHF 0.0104
OFDM | uncoded BPSK 18 Upper UHF 0.0133
OFDM | uncoded BPSK 18 Upper UHF 0.0093
OFDM | uncoded BPSK 18 Upper UHF 0.0079
OFDM | uncoded BPSK 18 Upper UHF 0.0036
OFDM | uncoded BPSK 18 Upper UHF 0.0176
OFDM | uncoded BPSK 18 Upper UHF 0.0097

AVE BER at 18W | 0.01139

OFDM | uncoded BPSK 15.4 Upper UHF 0.0212
OFDM | uncoded BPSK 15.4 Upper UHF 0.0169
OFDM | uncoded BPSK 15.4 Upper UHF 0.0269
OFDM | uncoded BPSK 15.4 Upper UHF 0.051

OFDM | uncoded BPSK 15.4 Upper UHF 0.023

OFDM | uncoded BPSK 15.4 Upper UHF 0.0334
OFDM | uncoded BPSK 165.4 Upper UHF 0.0273
OFDM | uncoded BPSK 15.4 Upper UHF 0.0442
OFDM | uncoded BPSK 15.4 Upper UHF 0.0108
OFDM | uncoded BPSK 15.4 Upper UHF 0.0183

AVE BER at 15.4W, 0.0273

OFDM | uncoded BPSK 12.6 Upper UHF 0.0284
OFDM | uncoded BPSK 12.6 Upper UHF 0.0262
OFDM | uncoded BPSK 12.6 Upper UHF 0.0427
OFDM | uncoded BPSK 12.6 Upper UHF 0.0611
OFDM | uncoded BPSK 12.6 Upper UHF 0.0223
OFDM | uncoded BPSK 12.6 Upper UHF 0.074
OFDM | uncoded BPSK 12.6 Upper UHF 0.0133
OFDM | uncoded BPSK 12.6 Upper UHF 0.0273
OFDM | uncoded BPSK 12.6 Upper UHF 0.0862
OFDM | uncoded BPSK 12.6 Upper UHF 0.0363

AVE BER at 12.6W| 0.04178

Table 8.2: Test Matrix at 1.6 Miles for the BPSK OFDM Reception
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Protocol |(Un)Coded | Modulation Power (W) Frequency BER

CI/OFDM| uncoded BPSK 15.523 Upper UHF 0.019
CUOFDM| uncoded BPSK 16.523 Upper UHF 0.018
CI/OFDM| uncoded BPSK 15.523 Upper UHF 0.0097
CHOFDM| uncoded BPSK 15.523 Upper UHF 0.014
CI/OFDM| uncoded BPSK 16.523 Upper UHF 0.0065
CI/OFDM| uncoded BPSK 15.523 Upper UHF 0.0111
CI/OFDM| uncoded BPSK 16.523 Upper UHF 0.0108
CHOFDM| uncoded BPSK 15.523 Upper UHF 0.018
CI/OFDM| uncoded BPSK 15.523 Upper UHF 0.0338
CI/OFDM/| uncoded BPSK 15.523 Upper UHF 0.009

AVE BER at 15.5W)| 0.01499

CI/OFDM| uncoded BPSK 18 Upper UHF 0.0018
CUOFDM| uncoded BPSK 18 Upper UHF 0.0122
CI/OFDM| uncoded BPSK 18 Upper UHF 0.0032
CI/OFDM| uncoded BPSK 18 Upper UHF 0.0101
CI/OFDM| uncoded BPSK 18 Upper UHF 0.018
CI/OFDM| uncoded BPSK 18 Upper UHF 0.0119
CI/OFDM| uncoded BPSK 18 Upper UHF 0.0216
CI/OFDM| uncoded BPSK 18 Upper UHF 0.019
CUOFDM| uncoded BPSK 18 Upper UHF 0.0075
CIUOFDM| uncoded BPSK 18 Upper UHF 0.0111

AVE BER at 18W | 0.01164

CI/QOFDM| uncoded BPSK 12.618 Upper UHF 0.0251
CI/OFDM| uncoded BPSK 12.618 Upper UHF 0.0216
CI/OFDM| uncoded BPSK 12.618 Upper UHF 0.0223
ClOFDM| uncoded BPSK 12.618 Upper UHF 0.0162
CI/OFDM| uncoded BPSK 12.618 Upper UHF 0.0172
CI/OFDM| uncoded BPSK 12.618 Upper UHF 0.0108
CI/OFDM| uncoded BPSK 12.618 Upper UHF 0.0406
CIOFDM| uncoded BPSK 12.618 Upper UHF 0.0341
CI/OFDM| uncoded BPSK 12.618 Upper UHF 0.018
CI/OFDM| uncoded BPSK 12.618 Upper UHF 0.019

AVE BER at 12.6W| 0.02249

Table 8.3: Test Matrix at 1.6 Miles for the BPSK CI/OFDM Reception
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Figure 8.4 plots the resulting average BERs from Tables 8.2 and 8.3. Referring to
Figure 8.4, the CI/OFDM architecture outperforms OFDM in the terrestrial environment.
While performance gain is observed, it is hard to equate the overall benefit to SNR gains
as the transmit powers are un-realistic due to lack of an LNA in the receive chain.
However, we are able to observe C/OFDM’s ability to exploit the frequency diversity of

the channel, allowing it to outperform its OFDM counterpart.
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Following testing at a low UHF frequency band, the equipment was reconfigured
to the upper UHF frequency band, and an average BER was conducted for a transmit
power level of 287 mW. In this case, an LNA was included in the receive chain and both
uncoded and coded cases were tested. Tables 8.4 and 8.5 display the test matrices for
(C)OFDM and CI/(C)OFDM respectively. Due to time constraints, only one transmit

power level was tested.

Power

Protocol |(Un)Coded| Modulation {W) Frequency BER
OFDM | uncoded BPSK 0.287 Upper UHF 0.0124
OFDM | uncoded BPSK 0.287 Upper UHF 0.021
OFDM | uncoded BPSK 0.287 Upper UHF 0.0185
OFDM | uncoded BPSK 0.287 Upper UHF 0.0305
OFDM | uncoded BPSK 0.287 Upper UHF 0.021
OFDM | uncoded BPSK 0.287 Upper UHF 0.0146
OFDM | uncoded BPSK 0.287 Upper UHF 0.0472
OFDM | uncoded BPSK 0.287 Upper UHF 0.0504
OFDM | uncoded BPSK 0.287 Upper UHF 0.0437
OFDM | uncoded BPSK 0.287 Upper UHF 0.0405

AVE BER at 287mW| 0.02998

OFDM | Coded BPSK 0.287 Upper UHF 0.0029
OFDM | Coded BPSK 0.287 Upper UHF 0.0168
OFDM | Coded BPSK 0.287 Upper UHF 0.0154
OFDM Coded BPSK 0.287 Upper UHF 0.0548
OFDM | Coded BPSK 0.287 Upper UHF 0.0475
OFDM | Coded BPSK 0.287 Upper UHF 0.0066
OFDM | Coded BPSK 0.287 Upper UHF 0.1491
OFDM | Coded BPSK 0.287 Upper UHF 0.1382
OFDM | Coded BPSK 0.287 Upper UHF 0.0768
OFDM | Coded BPSK 0.287 Upper UHF 0.1016

AVE BER at 287mW| 0.06097

Table 8.4: Test Matrix at 1.6 Miles for the BPSK (C)OFDM Reception
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Power

Protocol |(Un)Coded| Modulation (W) Frequency BER
CI/OFDM/| uncoded BPSK 0.283 Upper UHF 0.0039
CI/OFDM| uncoded BPSK 0.283 Upper UHF 0.0021
CI/OFDM| uncoded BPSK 0.283 Upper UHF 0.0018
CI/OFDM| uncoded BPSK 0.283 Upper UHF 0.0337
CHOFDM| uncoded BPSK 0.283 Upper UHF 0.0014
CI/OFDM| uncoded BPSK 0.283 Upper UHF 0.0437
CI/OFDM| uncoded BPSK 0.283 Upper UHF 0.0053
CI/OFDM| uncoded BPSK 0.283 Upper UHF 0.0156
CI/OFDM| uncoded BPSK 0.283 Upper UHF 0.0011
CI/OFDM| uncoded BPSK 0.283 Upper UHF 0.0195

AVE BER at 283mW| 0.01281

CI/OFDM| Coded BPSK 0.283 Upper UHF 0.0015
CI/OFDM| Coded BPSK 0.283 Upper UHF 0.00074
CI/OFDM| Coded BPSK 0.283 Upper UHF 0
CI/OFDM| Coded BPSK 0.283 Upper UHF 0.0081
CI/OFDM| Coded BPSK 0.283 Upper UHF 0
CI/OFDM| Coded BPSK 0.283 Upper UHF 0.0148
CI/OFDM| Coded BPSK 0.283 Upper UHF 0
CI/OFDM| Coded BPSK 0.283 Upper UHF 0.0022
CUOFDM| Coded BPSK 0.283 Upper UHF 0
CI/OFDM| Coded BPSK 0.283 Upper UHF 0

AVE BER at 283 mW| 0.002734

Table 8.5: Test Matrix at 1.6 Miles for the BPSK CI/(C)YOFDM Reception

Referring to Tables 8.4 and 8.5, we observe that the incorporation of an LNA into
the receive chain dramatically lowers the necessary transmit power (the transmit power
necessary for synchronization at the receiver), bringing power levels to realistic levels.
Also referring the Tables 8.4 and 8.5, the uncoded CI/OFDM system offers a small
performance benefit relative to uncoded OFDM. When channel coding is employed, the
COFDM system performance degrades from that of its uncoded counterpart (OFDM).

This is due to low SNRs creating well-known failures in the channel decoding. The
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CI/COFDM system, on the other hand, dramatically improves its performance over its
uncoded counterpart (CVOFDM). The C/COFDM system is observed outperforming its

COFDM counterpart by more than an order of magnitude (0.0027 vs. 0.06)..

Further testing conducted at the upper UHF frequency band included adding
Doppler effects into the transmit signal. This was accomplished via incorporation of a
function generator (used at the signal generator. The Doppler scenarios are as follows:
(1) a 4 kHz shift to the right, (2) A +/- 4 kHz sweep through the entire spectrum (creating
a jitter effect), and (3) simulated communication with an airplane traveling 500 knots
overhead. The (C)OFDM scenario was only tested under cases (1) and (3), whereas the
CI/(C)OFDM system was tested under all three. Tables 8.6 and 8.7 display the test

matrices for (C)OFDM and CI/(C)OFDM respectively, with an LNA in the receive chain.

Power| Frequency
Protocol {{Un)Coded| Modulation| (W) {MHz) BER Doppler Testing Notes
OFDM | uncoded BPSK 14 Upper UHF | 0.0022 Doppler shift 4 kHz right
OFDM | uncoded BPSK 1.4 Upper UHF 1 0.0102 | 500 Knot Aircraft overhead
OFDM Coded BPSK 1.4 | Upper UHF 10.0039 | Doppler shift 4 kHz right
OFDM | Coded BPSK 1.4 | Upper UHF |0.0078 | 500 Knot Aircraft overhead

Table 8.6: Test Matrix at 1.6 Miles for the BPSK (C)OFDM Doppler Testing
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Power | Frequency

Protocol |(Un)Coded| Modulation (W) (MHz) BER Doppler Testing Notes
CUYOFDM| uncoded BPSK 1.4 Upper UHF 0 Doppler shift 4 kHz right
CI/OFDM| uncoded BPSK 1.4 Upper UHF 0 4 kHz sweep
CI/OFDM| uncoded BPSK 1.4 Upper UHF 0 500 Knot Aircraft overhead
CIUOFDM| Coded BPSK 1.4 Upper UHF | 0.0036 | Doppler shift 4 kHz right
CI/OFDM| Coded BPSK 1.4 Upper UHF 0 4 kHz sweep
Cl/OFDM| Coded BPSK 1.4 Upper UHF 0 500 Knot Aircraft overhead

Table 8.7: Test Matrix at 1.6 Miles for the BPSK CI/(C)OFDM Doppler Testing

Referring to Table 8.6, it can be seen, in the presence of Doppler, noteable BERs

result in both OFDM and COFDM. Referring to Table 8.7, Doppler effects created no

errors in the CI/OFDM system, and only case (1) created errors in the CI/COFDM

system. Due to time constraints, the results shown only represent a one-time capture and

not a full BER analysis, but do indicate a resilience of the CI/OFDM architecture to

Doppler.

The mobile receive chain of Figure 8.2 was moved to a location of approximately

4 miles. Tables 8.8 and 8.9 display the test matrix for BPSK OFDM and CI/OFDM

respectively at the various transmit power levels. In this case, no LNA was utilized in the

receive chain.
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Protocol | (Un)Coded| Modulation | Power (W) Frequency BER
OFDM | uncoded BPSK 19.275 Lower UHF 0.0302
OFDM | uncoded BPSK 19.275 Lower UHF 0.0765
OFDM | uncoded BPSK 19.275 Lower UHF 0.0129
OFDM | uncoded BPSK 19.275 Lower UHF 0.033
OFDM | uncoded BPSK 19.275 Lower UHF 0.032
OFDM | uncoded BPSK 19.275 Lower UHF 0.0223
OFDM | uncoded BPSK 19.275 Lower UHF 0.0223
OFDM | uncoded BPSK 19.275 Lower UHF 0.0223
OFDM | uncoded BPSK 19.275 Lower UHF 0.0374
OFDM | uncoded BPSK 19.275 Lower UHF 0.0284

AVE BER at 19.2W| 0.03173
OFDM | uncoded BPSK 25 Lower UHF 0.023
OFDM | uncoded BPSK 25 Lower UHF 0.0205
OFDM | uncoded BPSK 25 Lower UHF 0.0169
OFDM | uncoded BPSK 25 Lower UHF 0.0115
OFDM | uncoded BPSK 25 Lower UHF 0.0119
OFDM | uncoded BPSK 25 Lower UHF 0.0154
OFDM | uncoded BPSK 25 Lower UHF 0.037
OFDM | uncoded BPSK 25 Lower UHF 0.0126
OFDM | uncoded BPSK 25 Lower UHF 0.0205
OFDM | uncoded BPSK 25 Lower UHF 0.0165
AVE BER at 25 W | 0.01858
OFDM | uncoded | BPSK 41 Lower UHF 0.0072
OFDM | uncoded BPSK 41 Lower UHF 0.0072
OFDM | uncoded BPSK 41 Lower UHF 0.004
OFDM | uncoded BPSK 41 Lower UHF 0.004
OFDM | uncoded BPSK 41 Lower UHF 0.004
OFDM | uncoded BPSK 41 Lower UHF 0.0025
OFDM | uncoded BPSK 41 Lower UHF 0.005
OFDM | uncoded BPSK 41 Lower UHF 0.0047
OFDM | uncoded BPSK 41 Lower UHF 0.0075
OFDM | uncoded BPSK 41 Lower UHF 0.0126
AVE BER at 41W | 0.00587

Table 8.8: Test Matrix at 4 Miles for the BPSK OFDM Reception
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Protocol |(Un)Coded | Modulation | Power (W) Frequency BER
CI/OFDM| uncoded BPSK 19.186 Lower UHF 0.0111
CI/OFDM| uncoded BPSK 19.186 Lower UHF 0.014
CIOFDM| uncoded BPSK 19.186 Lower UHF 0.0097
CI/OFDM| uncoded BPSK 19.186 Lower UHF 0.0108
CI/OFDM| uncoded BPSK 19.186 Lower UHF 0.018
CI/OFDM| uncoded BPSK 19.186 Lower UHF 0.0237
CI/OFDM| uncoded BPSK 19.186 Lower UHF 0.0108
CIOFDM! uncoded BPSK 19.186 Lower UHF 0.004
Cl/OFDM| uncoded BPSK 19.186 Lower UHF 0.0108
CI/OFDM| uncoded BPSK 19.186 Lower UHF 0.0298

AVE BER at 19.2W| 0.01427
CI/OFDM| uncoded BPSK 25 Lower UHF 0.0047
CI/OFDM| uncoded BPSK 25 Lower UHF 0.0036
CI/OFDM| uncoded BPSK 25 Lower UHF 0.0057
CI/OFDM| uncoded BPSK 25 Lower UHF 0.005
CI/OFDM| uncoded BPSK 25 Lower UHF 0.0029
CI/OFDM| uncoded BPSK 25 Lower UHF 0.004
CI/OFDM| uncoded BPSK 25 Lower UHF 0.0022
CI/OFDM| uncoded BPSK 25 Lower UHF 0.0029
CI/OFDM| uncoded BPSK 25 Lower UHF 0.0079
CI/OFDM| uncoded BPSK 25 Lower UHF 0.0018

AVE BER at 25W | 0.00407
CI/OFDM| uncoded BPSK 41 Lower UHF 0.0025
CI/OFDM| uncoded BPSK 41 Lower UHF 0.000718
CI/OFDM| uncoded BPSK 41 Lower UHF 0.000718
CI/OFDM| uncoded BPSK 41 Lower UHF 0.000718
CI/OFDM| uncoded BPSK 41 Lower UHF 0.0018
CI/OFDM| uncoded BPSK 41 Lower UHF 0.0025
CI/OFDM| uncoded BPSK 41 Lower UHF 0.0011
CI/OFDM| uncoded BPSK 41 Lower UHF 0.0079
CI/OFDM| uncoded BPSK 41 Lower UHF 0.0011
CI/OFDM| uncoded BPSK 41 Lower UHF 0.0018

AVE BER at 41W | 0.002086

Table 8.9: Test Matrix at 4 Miles for the BPSK CI/OFDM Reception
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Figure 8.5 plots the resulting average BERs from Tables 8.8 and 8.9. Referring to
Figure 8.5, we observe the CI/OFDM architecture with a pronounced performance gain
over OFDM. Again, it is hard to equate the overall benefit to SNR gains as the transmit

powers are un-realistic due to lack of an LNA in the receive chain.
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8.4 Conclusions

In this chapter, RF test performance results of CVOFDM and CI/COFDM versus
OFDM and COFDM were presented for the outdoor terrestrial environment.
Performance results were limited to small sample results due to the constraint imposed by
the equipment operations. In all case samples, the CI/(C)OFDM architecture outperforms
the (C)OFDM architecture. When appropriate LNAs were available, this performance
gain of the CI system was greater than an order of magnitude. This gain is a result of
CI/OFDM’s inherent ability to exploit frequency diversity by spreading each information
symbol over all N carriers. Therefore CI-Fixed Broadband’s performance benefits far

outweigh the cost of a small addition to transmitter and receiver complexity.

Furthermore, Doppler test results show that CI systems may mitigate the plagues
associated with Doppler shifts. This is an important result because it indicates that even

with complex spreading codes, the Doppler effects present no barrier to excellent system

performance.

While not all of the results were achieved with realistic system transmit powers,
the tests suggest the benefits that CI architectures can grant (in terms of increased
performance). In a carefully-designed system with appropriate antenna design, power
amplification, LNAs, and filtering, the CI/OFDM system is likely to represent a high-

performance alternative to OFDM in outdoor terrestrial networks.
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Chapter 9 Application of CI/OFDM to the Satellite Environment

Future generation satellite communications shall be capable of high-
performances, high-data rates, and the ability to integrate into existing terrestrial

communications protocols.

Orthogonal Frequency Division Multiplexing (OFDM) is becoming more and
more widespread as the technology of choice for many land-based wireless schemes, and
as such is a possible choice for satellite architectures. Research is currently being
conducted on the integration of OFDM into satellite communications protocols (e.g., [83-
86]). The benefits of OFDM to the satellite channel include high-bandwidth efficiency,

low receiver complexity, and reduced intersymbol interference.

In this chapter, we explore the performance capabilities of Carrier-Interferometry
OFDM within satellite systems. Through RF testing of the CI/OFDM architecture at C-
band, we show the CI technique slightly outperforms its OFDM counter-part.
Furthermore, we show that CI/OFDM with channel coding can enable a 64-QAM

satellite system, ensuring high-throughput.

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9.1 Transmit Structure

Figure 9.1 illustrates the generalized transmission blocks for the satellite system.
Similar to the WLAN system of Chapter 7, the incoming data stream is first channel
coded (“channel coder” block). Coding is typically a rate ’2, constraint length 7
convolutional code.  The channel coded bits then enter an “interleaver” (Figure 8.1),
which serves a two-fold purpose: First, it ensures adjacent, coded bits are sent on non-
adjacent carriers, and second, it alternates assignment of the adjacent, coded bits to
constellation bits of greater and lesser importance. Following the interleaver 1s the
“mapper,” where, the carrier modulation scheme (BPSK, QPSK, 16QAM, or 64QAM) is

employed. The mapped symbols then enter an “OFDM modulator” block.

Binary Input ] Channel | | Interleave Mapper [ | OFDM | 4 Channel
Coder Modulator

v

Figure 9.1: Simplified Satellite PHY Transmission Train
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When CI/OFDM is applied to the satellite transmission train model of Figure 9.1,
the transmitter operates as follows: (1) each m input bits (e.g., m = 1) are first channel
coded to n output bits (e.g., # = 2) (puncturing is applied to create lower rate FECs as
necessary); (2) interleaving follows where the n coded bits are interleaved such that they
are sent at different OFDM symbol times (with a time separation selected to create a time
diversity benefit); (3) next is bit-to-PSK or bit-to-QAM symbol mapping; (4) followed by
the CIYOFDM modulator block of Figures 3.1(b) and (c). Hence, CI/OFDM satellite
links benefit from (1) coding gain, (2) time diversity benefit, and (3) frequency diversity

gain via the spreading. Figure 9.2 illustrates the CI-Satellite transmitter architecture.
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Figure 9.2: CI-Satellite PHY
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9.2 RF Testing of the CI-Satellite System

RF testing was performed in January 2003 to compare CVOFDM and CI/COFDM
satellite architectures to OFDM and COFDM satellite architectures. The equipment setup
is illustrated in Figure 9.3. Referring to Figure 9.3, a laptop computer, running the
Agilent Signal Studio software package, generates OFDM and COFDM transmit signals
in a manner consistent with the IEEE 802.11a standard. That is, the output of the laptop
corresponds to the output of the transmit chain of Figure 9.1. Specifically, (1) pseudo-
random bits are input to a convolutional encoder, (2) encoded bits are fed into the
interleaver, (3) encoded and interleaved bits enter a bit-to-symbol mapper (e.g., bit-to-
BPSK mapper), (4) header information is appended to the data, and finally, (5) the header
and data enter an IFFT (Inverse Fast Fourier Transform), which acts as the OFDM

modulator block (here, the 4 pilot tones are inserted).
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Laptop Signal Power Amp j

PC | Gen. and Mixer

I RF Filter R VSA —> Laptop

LNA | PC

Figure 9.3: Generalized block diagram of testing setup

To generate a CI/OFDM and CIY/COFDM, the “OFDM modulator block,” of
(Figure 2.1), is replaced by a “CI/OFDM modulator block,” matching Figures 3.1(b) and
3.1(c). This change was enabled in the software of the Agilent Signal Studio software
package (with the direct support of Agilent software engineers). This allowed each
incoming data symbol to be spread across all N (48) carriers by application of CI
spreading codes. It is important to note that the CI spreading codes were only applied to
the data portion of the signal -- the header information (as well as the pilot tones) were
left untouched. Specifically, the short and long training sequences, along with the cyclic
prefixes, were not CI encoded, enabling traditional detection of header (and training)

information at the receiver (the Agilent 89640A Vector Signal Analyzer).

Referring to Figure 9.3, the OFDM symbols or CI/OFDM symbols are
downloaded from the laptop to an Agilent E4438C Signal Generator via a standard bi-
directional LAN cable. The E4438C signal generator output corresponds to the OFDM

or CVOFDM packet modulated to 70 MHz IF. The IF signal was fed into a power
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amplifier and mixer, and then to a directional antenna. The C-band satellite acts as a
transponder, and does nothing more than signal amplification and frequency

downcoversion for retransmission back to Earth.

At the receive side (Figure 9.3), the signal is received via a directional antenna,
and is passed through a Low Noise Amplifier (LNA). The signal is then downconverted
to 70 MHz and enters the Agilent 89640A Vector Signal Analyzer (VSA). The VSA is
configured to receive an IEEE 802.11a formatted signal at the 70 MHz IF. A screen
capture of the received signal in the flat fading satellite environment is shown in Figure
9.4. Referring to Figure 9.4, the lower, left hand portion displays the spectrum of the
received C/OFDM signal. As is evident from this spectrum, the multipath profile is very
flat across the 20 MHz bandwidth (the raised-middle portion), proving a low-level of
frequency selectivity. This Agilent VSA (1) utilizes the short and long training sequences
to perform frequency and phase synchronization, (2) removes the cyclic prefix, and (3)
performs a decomposition of the OFDM symbol into multiple carriers, by application of
an FFT (Fast Fourier Transform). Using an IEEE 1394 firewire, this data is restored in a

laptop where the remainder of the receiver operations are implemented via Matlab.
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Figure 9.4: Screen Capture of the CI/OFDM Receive Signal in the Satellite Channel

A BER analysis was performed upon completion of the respective receive

processes. The results of the analysis are detailed next.

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9.3 RF Testing of the CI-Satellite System: Results

Performance measurements were conducted during the satellite test by adjusting
the power of the transmitted signal at C-band. Due to operating constraints set by the
satellite provider, the maximum permitted transmit power was —25 dBm at the signal
generator. This translates to a maximum power of 7 dB back-off from the saturation
region of the transmit power amplifier, and more importantly, 7 dB back-off from the

maximum transmit power of the band as dictated by FCC regulations [87].

Bit Error Rate (BER) calculations were performed for signal powers lowered
from the —25 dBm maximum transmit power in 2 dBm increments. For BPSK, the BER
calculations began at —28 dBm, because at ~25 dBm BPSK showed no errors. Each point
(on the BER curves) was calculated from an average of at least ten measurements or until
there was little variation in the data to obtain a reasonably accurate value. The results for

BPSK, QPSK, 16QAM and 64QAM modulation schemes are shown in Figures 9.5 —9.9.
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CHOFDM

Figure 9.5: Performance Results for BPSK OFDM vs. CVOFDM

Figure 9.6: Performance Results for QPSK OFDM vs. CYOFDM
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Figure 9.7: Performance Results for 16QAM OFDM vs. CI/OFDM

—&- OFDH
e DLOEDRT

Figure 9.8: Performance Results for 64QAM OFDM vs. CIVOFDM
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CI/COFDM

Figure 9.9: Performance Results for 64QAM OFDM vs. CI/(C)OFDM

Referring to Figures 9.5 — 9.7, the BPSK, QPSK, and 16QAM CI/OFDM
systems offer small performance gains relative to the OFDM systems. These small gains
are a consequence of the small frequency diversity that exists within the transmit
bandwidth. However, referring to Figure 9.8, the 64QAM OFDM and CI/OFDM systems
are very similar. It is also observed that the performance of CI/OFDM over OFDM
improves at higher SNR. Unfortunately, because transmissions are required to be below a
—25dBm threshold, we are not able to directly measure how much of an improvement
CIV/OFDM is able to achieve over OFDM as we approach the saturation region of the

power amplifier.
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Finally, referring to Figure 9.9, which includes performance results when channel
coding is implemented, the performance of the 64QAM COFDM system is entirely
unacceptable, whereas the CI/COFDM 64QAM system significantly benefits from
channel coding. Even if these worse case scenarios only happened 1% of the time, it may
prevent 64QAM OFDM from ever being practical. In other words, these worse case data
scenarios could dominate the operation of the system and cause the transmission to
consistently timeout and fail. With a stronger coding strategy, the CUVCOFDM
architecture could present a viable 64QAM transmission protocol, offering high-data

rates for satellite systems.

9.4 Conclusions

In this chapter, RF test performance results of CI/OFDM and CI/COFDM versus
OFDM and COFDM were presented for the satellite channel. It was anticipated that the
BER performance curves for OFDM and CI/OFDM may be the same, due to the
approximate flat fading nature of the satellite channel. However, up to a 1 dB gain in
BER was measured for CI/OFDM relative to conventional OFDM. This is believed to be
due to a small degree of diversity over the channel. Even though the satellite channel

response is relatively flat, there was still a slight frequency selectivity, resulting in
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CI/OFDM performance gains (relative to conventional OFDM). In 64QAM satellite
links, CI/COFDM grants significant performance gains over 64QAM COFDM. With this
enhanced performance, 64QAM CI/COFDM provides a high-throughput system for

satellite links.
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Chapter 10 Conclusions

In this dissertation, an innovation is introduced to improve upon the performance,
throughput, and peak-to-average power ratio characteristics of current Orthogonal

Frequency Division Multiplexing (OFDM) systems.

This dissertation began by introducing novel Carrier Interferometry spreading
codes into current OFDM systems, creating the innovative CI/OFDM system (Chapters 3
and 4). It is shown (in Chapters 4, 5, and 6) that this CI/OFDM system significantly
improves performance relative to traditional OFDM. Specifically, by applying CI
spreading codes to the data symbols of the OFDM system, receivers can better exploit the
frequency diversity of the multipath fading channel. That is, at receiver side, the
CI/OFDM received signal is decomposed into its carriers, and optimally recombined to
best exploit diversity and minimize interference and noise. In this way, the poor
performance exhibited by traditional uncoded OFDM systems can be overcome.
Simulation results showed the dramatically improved BER performance when this new

architecture is applied.

Moreover, the carefully selected ClI spreading codes have been shown to exhibit a

second benefit, significant reduction in peak-to-average power ratio (PAPR) (Chapter 3).
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The same CI codes which grant significant performance increases over OFDM, also
average the transmit power for the N data symbols over the entire transmit time frame.
Specifically, when one data symbol’s transmission reaches a maximum, the remaining N-
1 data symbols’ pulses are at minima, alleviating the possibility of an in-phase coherent
addition. The resulting instantaneous signal power tightly hugs its mean and has small
variance, ultimately allowing transmit power amplifiers to operate more efficiently, i.e.,

closer to the saturation region.

This dissertation also introduces two orthogonal CI spreading code sets that are
pseudo-orthogonal to each other, creating PO-CI/OFDM (Chapters 3 and 4). The two
code sets demonstrate minimum cross correlation (between the orthogonal sets). In this
way, 2N real symbols are supported on a traditional N carrier OFDM system, without
bandwidth expansion or increased transmit power. Simulations indicate that the novel

PO-CIVOFDM system outperforms traditional OFDM while doubling its throughput.

Similar to the CVOFDM system, PO-CI/OFDM also eliminates the PAPR issues
that plague OFDM (Chapter 3). In the OFDM time frame, each PO-CI/OFDM symbol
peaks in power at a unique moment in time, and as such, the overall transmit power is
well averaged over the total OFDM symbol time. PAPR issues are essentially

eliminated.

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This research also examined CI/OFDM systems employing very high-order
constellation mapping (Chapter 6). Simulation results show that CVOFDM with high-
order modulations, continues to significantly outperform traditional OFDM in the
frequency selective fading channel, and continues to demonstrate excellent PAPR

properties.

Through RF testing, CI/OFDM was applied to today’s real world systems, further
demonstrating the benefits of the CI strategy. RF testing of CI/OFDM was conducted in
(1) the IEEE 802.11a Wireless LAN indoor environment (Chapter 7), (2) the terrestrial
Fixed Broadband architectures (Chapter 8), and (3) the C-band satellite system (Chapter
9). When CI/OFDM replaces the traditional OFDM of the IEEE 802.11a Wireless LAN
physical layer, performance gains of 5-7 dB at a probability of error of 107 are seen in
the RF test results. When CI/OFDM was tested in the terrestrial environment, significant
BER gains of (up to) an order of magnitude were observed. The terrestrial testing also
suggested CI/OFDM’s ability to overcome Doppler effects. Finally, when CI/OFDM
was applied to the satellite system, small performance gains were observed for BPSK,
QPSK, and 16QAM mapping techniques. With coding applied to the CI/OFDM 64QAM

system, dramatic gains were observed relative to traditional Coded OFDM.

This thesis provides novel, powerful techniques that enable OFDM to overcome

its limitations, and, as a result, satisfy the needs of future generation wireless networks.
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Chapter 11 Future Work via Extensions to CI/OFDM

Some directions for future research are highlighted in this final chapter.

11.1MIMO CI/OFDM

Multiple-input multiple-output (MIMO) antenna array systems, such as, e.g.,
space-time codes, have gained a great deal of attention as of late [88-89]. One such
scheme, proposed by Alamouti, offers significant increases in performance, while
maintaining fairly low complexity [90]. Further work has been conducted to merge
similar transmit diversity schemes with the OFDM architecture, leading to MIMO-
OFDM [91]-[93]. The proposed CI/COFDM systems can be merged with MIMO

systems, leading to very high-performance MIMO-CI/OFDM systems.
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11.2 Carrier Selective CI/OFDM

FD-MC-CDMA (Frequency Division Multi-Carrier Code Division Multiple
Access) systems are novel architectures which exploit frequency diversity while
minimizing MAI [94-97]. These systems benefit from true ML (Maximum-Likelyhood)
MUD (Multi-user Detection) detection at the receiver, which is constructed to combat
both ISI and noise in an exact ML sense {75]. Based upon this body of research, the FD-

MC-CDMA concept can be extended to CHOFDM systems.

Here, we divide the N carriers of CI/OFDM into N/M groups, where each group
contains M (where M<<N) non-contiguous carriers that are maximally separated over the
transmit bandwidth (i.e., M is selected based upon the available frequency diversity gain
within the channel). We spread each data symbol over one of the N/M sets of M non-
contiguous carriers (instead of spreading over all N carriers). The total number of
interfering data symbols drops from N-1 (in C/OFDM) to M-1. By decreasing the
number of interfering data symbols in this manner, all the while maintaining the diversity
of the channel, the complexity of an optimal ML MUD detection scheme becomes viable.

This may lead to higher-performances than the MMSEC receiver utilized within this

thesis.
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11.3 Security Aspects of CVOFDM

Security of wireless transmissions is a hot topic in today’s research [98-100]. The
CI spreading codes scramble traditional constellations. Figures 11.1-11.4 illustrate the
I/Q locations of transmit symbols in OFDM and CI/OFDM for BPSK, QPSK, 16QAM

and 64QAM, with and without noise.

constellation plane without modulation of any form.

Normalized I/Q
3 L

Constellation OFDM 16-QAM (No noise) Normalized /Q Constellation C+-OFDM BPSK (No noise)

Figure 11.5 shows only a noise on the I/Q
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Figure 11.1: BPSK (a) OFDM without noise, (b) COFDM without noise,
(c) OFDM with noise (SNR = 10 dB), and (d) CI/OFDM with noise (SNR = 10 dB)
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1#Q2 Consteliation for OFDM GPSK (AWGN Channel SNR = 10) 1/Q Constelation for CHOFDM QPSK (AWGN Channet SNR = 10)
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Figure 11.2: QPSK (a) OFDM without noise, (b) CVOFDM without noise,
(c) OFDM with noise (SNR = 10 dB), and (d) CI/OFDM with noise (SNR = 10 dB)
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Figure 11.3: 16QAM (a) OFDM without noise, (b) CVOFDM without noise,
(¢) OFDM with noise (SNR = 10 dB), and (d) CI/OFDM with noise (SNR = 10 dB)
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Figure 11.4: 64QAM (a) OFDM without noise, (b) CI/OFDM without noise,
(c) OFDM with noise (SNR = 10 dB), and (d) CI/OFDM with noise (SNR = 10 dB)

I/Q Constetlatian of Noise

Figure 11.5: Reception of the noise (SNR = 10 dB) without Modulation

Referring to Figures 11.1-11.4, it can be seen that the CI/OFDM constellations
appear completely random in nature. It can also be seen that the C/OFDM 1/Q
constellations look similar regardless of symbol mapping technique (BPSK, QPSK,

16QAM, or 64QAM). Finally, in comparing the CI/OFDM constellations with the
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constellation of noise (shown in Figure 11.5), we see that the CI constellations looks very

similar to a pure noise.

Based upon these preliminary results, it is easy to see that advantages can be
exploited for secure transmission of CI signaling. = While it is well-known that a
receiving strategy could be employed to extract CUOFDM’s data symbols (Chapter 4), a
code scrambling (of the CI codes), or phase masking, in addition to scrambling across

both CI codes and PO-CI codes, could easily hide the transmit signal.

These three subsections illustrate some of the many directions to be studied in the
near future. There is no doubt that OFDM and COFDM systems will continue to be

important areas of research and development for years to come.
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APPENDIX A: Derivation of PO-CI Spreading Codes

Consider 2 sets of N orthogonal spreading sequences: the first set is defined by
equation (1), and the second set is defined by equation (2). We now determine the value

for A@ that ensures a minimal cross-correlation between these sets. Let R, ,(j,k) refer to

the cross correlation between the jth spreading sequence in orthogonal code set /
(equation (1)), and the k¥ spreading sequence in orthogonal code set 2 (equation (2)).

Also, let

1N -1

IN—N
Rl,zz[szZ

=0 k=0

(R,,(j. k)12

(AT)

represent the root mean square (rms) cross correlation that exists between spreading

sequences in group 1 and group 2. Now, it is easily shown that for real signaling

A —
R, ,(j, k)= N i=ocos[ i(0,- (0, + A0
1 & 2z 27
= X R cos[ 1(—~N J N k-A8)H) )

It is also easy to show that

Z(Rl,z(jak))z =Z(R1,2‘(j,k'))2 k;tky
| (A3)

That is, the total cross-correlation between the k" spreading sequence in orthogonal

group 2 and all spreading sequences in group 1 is identical to the cross-correlation

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



between the k'" spreading sequence in orthogonal group 2 and all spreading sequences

in group 1. Using equation (A3), we can rewrite equation (Al) as

1/\’
_7\[_/2

=0

-1

1
(R, ,(Jj,0)*] (A4)
and, using equation (A2), this becomes

1 N-1

1 & 3
Rip = lp 2 15372, oosl (25 - a0

0

(A5)

Let us now determine the selection of A@ for group 2 that minimizes the root

mean square correlation between the two orthogonal groups. To do this, we select

R,
OAG
(A6)
Now,
LAY (R, (00
6R1,2 _ L I_N 5._1__ = ’ _ l_ L 1
m—Z[NlZ(RIZ(j 0)) ] N BA 6 - [ Z(Rlz(fo)) ] N i
(A7)
where
N -1 N1
o[, (R, (j,0)7%] 3[2 (Z cos| z(_J - AO)]) ]
] —- i=0 — j=0 i=0
OA 8 SA B
(A8)
Now,
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I= Z[ECOS[Z'(%T Jj- AH)]} . {gk sin[k(—z—]\zf j- AB)]}

222

A N-1

2

2k cos[z(—- Jj- AH)]sm[k(— j—A)]

2\
EZM

k{sm & +z)(— Jj—AG)+sin[k - l)(——] AG)]}

J=0 i=0 k=0
NANINA 2t 1 A0> Ak—f)(if—w)
=ImQ > > kle )
jzzf);k—()
N-1N- N / j(k i) NAN . j j(k'i)
_In,l(zzk -/(kH)A@Z zzk —j(k :)AGZ )
=0 k=0 j=0 =0 k=0
_ SRS —j(k+)AO - o — [ (k-)AO b —i
=ImQ Y ke 7 Sk +i - )N+ ke /D 5(k —i)N)
=0 k=0 =0 k=0

= Im(ﬁ (N —i)e ™ + Nii)N
i=0 i=0 ( A 9)

Hence, when A# —%— k=012,.., we have =0 and, therefore, from equation (A7),

OR,
PN

Seeking to determine which A@ are maxima and which are minima, we calculate

f . o krx .
the second order partial derivative at A = N and determine:

2
8021530 >0 when A():————-—————(Zk;”ﬁ'
OR? 2knm
0 h Af =
52A0 < when N (A].O)

Hence, AQ = 2}’;” corresponds to maxima and Ag _Gk+lr provides minima. Selecting
N

pis . .
k=0, we choose A6 :—1\7 as our minima. Figure A2 plots the root mean square cross
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correlation 7, between the two groups of codes as a function of A@, verifying our

selection of AG.
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Figure A1: Root Mean Square Cross Correlation versus A6

Hence, if we have one set of N orthogonal spreading sequences, specified via equation
(1), and we want to increase system capacity via the addition of spreading sequences of
equation (2), we can introduce the second set of N orthogonal spreading sequences with

phase offset A9 :ﬁ . This selection minimizes the cross-correlation between code sets.

It 1s interesting to note that these codes demonstrate an rms cross-correlation

provided by the minima of Figure Al. As shown in this figure, the rms cross-correlation

. . 1 .
1s proportional to ——m When N is small, e.g., N =2 or N = 4, the rms cross-correlation

is large (rendering the codes impractical); fortunately, when N is large (e.g., N > 16), the

rms cross-correlation is low and the codes represent an excellent selection. In most
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practical systems, N is very large, e.g., N = 52 in IEEE 802.11a and N = 1,024 in

proposed 4G systems, making PO-CI codes an excellent choice.
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