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ABSTRACT

Multi-Band Orthogonal Frequency Division Modulation (MB-OFDM) Ultra-
Wideband (UWB) suffers from a large peak-to-average ratio (PAR). Systems with
large PAR require the linear power amplifier (PA) to back off from its maximum
output power to ensure that the peak of the power is within the linear range of
operation, hence, resulting in poor efficiency. Although the problem of low power
efficiency and high PAR may be solved by polar modulation, the performance of

polar transmitter is often degraded by non-ideal implementations.

This thesis studies the requirements for the envelope and phase signals in polar
transmitter for UWB at system level. Results show that the bandwidth of the phase in
the polar transmitter needs to be several times the bandwidth of in-phase (1) and
quadrature phase (Q) in order to pass the Error Vector Magnitude (EVM) requirement
in ECMA standard. On the other hand, the bandwidth of the amplitude does not need
to have a bandwidth as large as the bandwidth of the phase — it needs to be only

slightly larger than the bandwidth of 1/Q.

To take advantage of the advancement of deep-submicron semiconductor technology
which favors more digital circuitries, a new digital polar transmitter (DPT) for MB-
OFDM UWRB is proposed. It consists of a digital phase modulator (DPM) for
generating the phase-modulated radio frequency (RF) signal and a digital power
amplifier (DPA) for modulating the amplitude of the RF signal. The non-idealities in
the amplitude and phase signals, like delay mismatch, mismatch in gain and error in

phase, in this DPT are investigated in this thesis.
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Chapter 1 — Introduction

CHAPTER 1

INTRODUCTION

1.1 Motivation

In recent years, ultra-wideband (UWB) is fast emerging as the technology of choice
which spurs wireless communications, networking, imaging, radar and positioning
systems [1]. ECMA International has released two industrial standards (ECMA-368
[2] and ECMA-369 [3]) for UWB technology based on allocation of the bandwidth of
3.1-10.6 GHz at a transmit power below -41.3 dBm/MHz for UWB devices by
Federal Communications Commission (FCC) in the United States [4]. These
standards allow data rates of up to 480 Mb/s using MultiBand Orthogonal Frequency
Division Modulation (MB-OFDM) scheme. However, MB-OFDM UWB suffers from
a large peak-to-average ratio (PAR). Systems with large PAR require the linear power
amplifier (PA) to back off from its maximum output power to ensure that the peak of
the power is within the linear range of operation, resulting in poor efficiency. This can

prove to be challenging for UWB transmitter.

The problem of low power efficiency and high PAR may be solved by polar
modulation or envelope elimination and restoration (EER) [5]. Instead of transmitting
complex data using in-phase (I) and quadrature (Q) or Cartesian representation, polar
representation is used instead. The phase modulation in a polar transmitter can be
upconverted and amplified by highly efficient, non-linear power amplifier which is
controlled by the amplitude modulation. Although polar modulation alleviates the

problem of low power efficiency and high PAR, the performance of polar transmitter
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can be degraded by two major non-idealities: finite bandwidth of the amplitude and

phase information, and time delay mismatch between the amplitude and phase signals

[6]-[9].

As CMOS technology advances to deep-submicron and the prevalence of low-cost
Digital Signal Processing (DSP), a digitally intensive approach to conventional RF
functions is needed to allow high level of integration. Compared to older process
technologies, the supply voltage becomes lower and the threshold voltage is relatively
higher in deep-submicron process, resulting in smaller voltage headroom for analog
circuits. Furthermore, the switching noise from surrounding digital circuits makes the
analog circuits harder to resolve the signal in voltage domain. Hence, it becomes
feasible to explore using digitally intensive approach to conventional RF circuits [10].
Digital polar transmitter (DPT) architecture has been reported in recent years and

adopted for narrowband systems, like Bluetooth and GSM/EDGE [11][12].

Hence, the research in this thesis addresses the issues regarding the use of digital
polar transmitter (DPT) for MB-OFDM UWB. Some practical considerations due to
non-ideal effects in the proposed DPT are also studied to provide a better

understanding. Some of these results are reported in [13] and [14].
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1.2 Contributions

The contributions of this thesis are listed and discussed below:

e The non-idealities in the amplitude and phase signals of polar modulator for

MB-OFDM are discussed. The results in EVM have been published in [13].

e A digital polar transmitter (DPT) architecture is proposed and has been
accepted by IEEE Microwave Theory and Technique Society,
International Microwave Symposium (IMS), June 2009 [14]. It consists of a
digital phase modulator (DPM) generating the phase-modulated radio
frequency (RF) signal and a digital power amplifier (DPA) which modulates
the amplitude of the RF signal. The effects of the resolution of the DPM and

DPA on error vector magnitude (EVM) for various data rates are studied.

e The mismatches in gain and errors in phase in the digital MB-OFDM UWB
polar transmitter are discussed. The performances in EVM due to these non-

idealities are presented.

1.3 Thesis Organization

Apart from this chapter, the rest of the thesis is divided into five chapters:

Chapter 2 discusses background of this thesis. UWB and various transmitter

architectures reported in the various literatures are discussed.
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Chapter 3 presents the system level design considerations in polar transmitter for
MB-OFDM. Non-idealities like bandwidths of amplitude and phase, and time delay

mismatch will be discussed.

Chapter 4 proposes a digital polar transmitter (DPT) architecture. The minimum
resolutions of the digital power amplifier (DPA) and digital phase modulator (DPM)

are determined for various data rates.

Chapter 5 presents the performance in EVM due to the mismatch in gain and error in

phase in the proposed digital polar transmitter.

Chapter 6 summarizes the findings of this project and concludes the work done in

this project. Future work and improvements are proposed.
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CHAPTER 2

MB-OFDM UWB TRANSMITTER

In this chapter, MB-OFDM UWB and polar modulation are discussed. Various polar

transmitters reported in literature are also discussed.

2.1 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a special case of multicarrier transmission where the high-rate data stream
is split into a number of lower rate streams that are transmitted simultaneously over a
number of sub-carriers [15]. It can be seen as either a modulation technique or a
multiplexing technique. In normal frequency-division multiplex system, many carriers
are spaced apart in such a way that the signals can be received using conventional
filters and demodulators as shown in Figure 2-1. However, in OFDM, the carriers are
arranged in such a way that the sidebands of the individual carriers overlap as shown
in Figure 2-1 and the signals can still be received without any adjacent carrier
interference. Hence, orthogonal multicarrier modulation technique results in increased

spectrum efficiency [15].
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Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6

ATATATATATA

L (@ Frequency
|
|
: Saving of
| bandwidth |
(b) Frequency;

Figure 2-1: (a) Conventional multicarrier technique, and (b) OFDM technique.

OFDM provides the following advantages over single-carrier modulation:

e OFDM is an efficient way to deal with multipath.

e It is possible to enhance the capacity significantly by adapting the data rate per
subcarrier according to the signal-to-noise ratio (SNR) of that particular
subcarrier in relatively slow time-varying channels.

e OFDM is robust against narrowband interference as only a small percentage of
the subcarriers will be affected by such interferences.

e OFDM makes single-frequency networks possible.

However, it also has the following drawbacks:
e OFDM is more sensitive to frequency offset and phase noise.
e OFDM has a relatively large peak-to-average ratio (PAR), which reduces the

power efficiency of the RF amplifier.
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2.1.1 Generation of Subcarriers

OFDM signal consists of a sum of subcarriers that are modulated by using schemes
like phase shift keying (PSK) or quadrature amplitude modulation (QAM). The
complex baseband notation of an OFDM symbol starting at t =t_ is written as

N

LN

i 0, T st T
s(t)=1 = s e T T (2.1)

o

~|

o

, otherwise
where d, are the complex symbols, N, is the number of subcarriers, and T is the

symbol duration.

In (2.1), the real and imaginary parts corresponds to the in-phase (1) and quadrature
(Q) parts of the OFDM signal, which need to be multiplied by a cosine and sine of the
desired carrier frequency to produced the final OFDM signal. The operation of the

OFDM modulator in a block diagram is shown in Figure 2-2.

exp(-jeNs(t-t;)/T)

Data Serial
—>» To
parallel

OFDM signal

exp(jm(Ns-2)(t-ts)/T)

Figure 2-2: OFDM modulator.
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Each subcarrier has exactly an integer number of cycles in the interval T, and the
number of cycles between adjacent subcarriers differs by exactly one. This property

accounts for the orthogonality between the subcarriers. If the jth subcarrier (2.1) is
demodulated by downconverting the signal with a frequency of j/T and then

integrating it over time T , the result becomes (2.2). The integration over the

demodulated signal gives the desired output d;, , (multiplied by a constant factor
T), which is the complex symbol value for the jth carrier. The integration for all
other subcarriers is zero as the frequency difference (i— j)/T produces an integer

number of cycles within the integration interval T, such that the integration result is

always zero.

_ Ns
J1IS+T —jzerl(t—t) (t)dt:jts+T -j2rz(t-t) g j2;r?(tt)dt
& ts N, I+75
2
Ns _
2 4T 27 (t-t;)
= > d [ e Tt (2.2)
" =t
2
:ans/zT

The orthogonality of the subcarrier can also be explained in another way. Each
OFDM symbol contains subcarriers that are nonzero over an interval T , so the
spectrum of each symbol is a convolution of a group of Dirac pulses located at the

subcarrier frequencies with the spectrum of a square pulse that is one for a period of

T and zero otherwise. The amplitude spectrum of the square pulse is sinc(z fT),

which has zeros for all frequencies f that are an integer multiple of 1/T . Figure 2-3
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shows the overlapping sinc spectra of individual subcarriers. At the maximum of each
subcarrier spectrum, the spectra of the rest of the subcarriers are zero. An OFDM
receiver calculates the spectrum values at those points that correspond to the maxima
of individual subcarriers, it can demodulate each subcarrier without any interference
from other subcarriers. As a result, intercarrier interference (ICl), which is crosstalk

between different subcarriers, is avoided.

Figure 2-3: Spectra of subcarriers.

The complex baseband OFDM signal defined in (2.1) is actually the inverse Fourier

transform of N, input symbols. The time discrete equivalent is the inverse discrete

Fourier transform (IDFT), which is given by (2.3). In practice, this transform can be

implemented using inverse fast Fourier transform (IFFT).

in

s(n)= h_lildiemN (2.3)
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2.1.2 Guard Time and Cyclic Extension

When the input datastream is divided in N, subcarriers, the symbol duration becomes
N, times smaller. This also reduces the relative multipath delay spread, relative to the
symbol time by N, times. A guard time is needed for each OFDM symbol to

eliminate the intersymbol interference (ISI) almost completely. The guard time is
chosen to be larger than the expected delay spread, such that the multipath
components from one symbol do not interfere with the next symbol. The guard time
could consist of no signal at all. However, in that case, the problem of ICI would

occur as the subcarriers are no longer orthogonal as illustrated in Figure 2-4.

Subcarrier 1

|

Part of :
subcarrier 2 :
|

|

|

causing ICl on Subcarrier 2
subcarrier 1

Guard time FFT integration time = 1/Carrier spacing

|
|
|
|
|
|
|
|
LIA »
'I‘ Ll
|

A

OFDM symbol time

A
A 4

Figure 2-4: Effect of multipath on subcarriers with no signal in the guard time.

To eliminate this effect, the OFDM symbol is cyclically extended in the guard time,

as shown in Figure 2-5. This ensures that, as long as the delay is smaller than the

10
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guard time, delay replicas of the OFDM symbol always have an integer number of
cycles within the fast Fourier transform (FFT) interval. Hence, multipath signals with

delays smaller than the guard time will not cause ICI.

Subcarrier 1

Subcarrier 2

)

Guard time FFT integration time = 1/Carrier spacing

> »
« >

A
A 4

OFDM symbol time

A
A 4

Figure 2-5: OFDM symbol with cyclic extension.

2.1.3 Windowing

For an OFDM signal consisting of unfiltered subcarriers, sharp phase transistion
caused by modulation can be seen at the symbol boundaries. As a result, the out-of-
band spectrum decreases rather slowly. For larger number of subcarriers, the spectrum
goes down more rapidly in the beginning as the sidelobes are closer together. To
make the spectrum go down more rapidly, windowing is applied to individual OFDM

symbols. Windowing an OFDM symbol makes the amplitude go smoothly to zero at

11
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the symbol boundaries. A commonly used window type is the raised cosine window,

defined as

tr
0.5+0.5cos| 7 +— , 0<t<pT,
( ﬂT]

S

w(t)=1{10 , BT <t<T (2.4)

0.5+0.5003(w] , T, <t<(1+ )T

S

where T, is symbol interval and £ is the roll-off factor.

T. is shorter than the total symbol duration as adjacent symbols are allowed to

S

partially overlap in the roll-off region. The time structure of the OFDM signal is

shown in Figure 2-6, where T, is the symbol time, T is the FFT interval, T is the

guard time, T . is the preguard time interval, T, is the postguard time interval

and g is the roll-off factor.

Ts=T+ Tg
Tp"eﬁX T Tpostfix
4+——— P ¢+—>
+—>
BTs

Figure 2-6: OFDM cyclic extension and windowing.
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2.1.4 OFDM Transceiver

Figure 2-7 shows the block diagram of an OFDM transceiver. The upper path is the
transmitter chain while the lower path is the receiver chain. In the center of the
transmitter chain is the IFFT block, which modulates the input QAM values onto the
subcarriers. The subcarriers are demodulated by the FFT in the receiver chain. FFT is
the reverse operation of an IFFT but an interesting feature about FFT/IFFT is that the
FFT is almost identical to the IFFT. IFFT can be made using an FFT by conjugating
input and output of the FFT and dividing the output by the FFT size. This allows the
use of the same hardware for both the transmitter and receiver, thus reducing the

complexity of the transceiver.

Add cyclic
RF d pAC e extension «

Transmit and
windowing
Input
data Coding || Interleaving | Symt?ol N Pllqt N Serial to Paral[el
mapping insertion parallel to serial
IFFT (TX)
Output FFT (RX) 4—|_ -
<dai Decoding [«q Deinterleaving [« Symbql Channgl Paral!el J Serial to
demapping correction to serial parallel
Symbol timing
RE Timing and Remove
. > ADC [ frequency cyclic
Receive o .
synchronization extension
Frequency

corrected signal

Figure 2-7: Block diagram of an OFDM transceiver.
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2.2 Ultra Wideband (UWB)
2.2.1 History

In February 2002, the Federal Communications Commission (FCC) in the United
States defined a UWB device as any device emitting signals with a fractional

bandwidth greater than 0.2 or a bandwidth of at least 500 MHz at all times of

transmission. The fractional bandwidth is defined by 2(f, - f_)/(f, + f_), where

f, is the upper frequency and f, the lower frequency at the -10 dB emission point.
The center frequency of the signal spectrum emitted by such a system is defined as

the average of the upper and lower -10 dB points (i.e. f.=(f,+f )/2). FCC

allocated a large bandwidth of 3.6-10.1 GHz at a transmit power below -41.3
dBm/MHz for UWB devices [4][16]. The spectrum mask for indoor situation is

shown in Figure 2-8.

The extremely large bandwidth occupied by UWB allows very high potential capacity,

giving very high data rates. This is shown in Shannon’s capacity equation [17]:
S
C =Blog (HWJ (2.5)

where C is the maximum channel capacity, B is the signal bandwidth, S is the
signal power and N is the noise power. (2.5) s