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Abstract—In this paper, we investigate the power amplifier
design for underwater acoustic OFDM systems. Using the pilot
signal to noise ratio (PSNR) of an OFDM signal as the design
criterion, we study the impact of the modulation frequency and
the number of quantization bits for the class-D power amplifiers.
Experimental results show that there is PSNR performance
ceiling as the number of quantization bits increases.

I. INTRODUCTION

In the past decade, OFDM technology has been successfully
developed for high-data-rate underwater acoustic communica-
tions. The research of point-to-point communication has been
maturing, as a result the research focus has been shifting to
modem system design [1]-[3]. Power amplification is the one
important component for modem design.

Class D power amplifiers are the primary choice for under-
water acoustic communications due to the following reasons:

e High power conversion efficiency. Compared with linear
power amplifiers (class-A, class-B, class-AB), class-D
power amplifiers have much higher efficiency, typically
more than 90%. High efficiency is extremely important
in underwater environments because the battery life is
limited. Because of high efficiency of a class-D power
amplifier, power waste on dissipation will be reduced and
hence small heatsink can be used, which can lead to a
compact power amplifier circuit board to be placed inside
the modem housing.

o Linearity acceptance. With enough quantization bits and
modulation frequency, the linearity of the class-D power
amplifier will be acceptable. If the linearity of transmitted
signal, which is measured by pilot signal to noise ratio
(PSNR) of an OFDM signal in this paper, is above a
certain value, higher linearity will not lead to higher
PSNR at the received side due to the ambient noise and
the channel-induced distortions.

o Fully digital modulator. Compared with class-A and
class-AB power amplifiers, another advantage of class D
power amplifiers is that their input signal, the pulse-width
modulation (PWM) waveform, can be directly generated
by digital computation.

From the power amplifier design perspective, the PWM
modulation frequency and the number of quantization bits
are the two most important parameters, which will decide
the linearity of class-D power amplifiers. In this work, we
setup the testbed and use experimental results to evaluate
the performance of the class-D power amplifiers regarding to

different modulation frequencies and numbers of quantization
bits. Theoretical study of PWM can be found in e.g., [4].

The rest of this paper is organized as follows. The system
model and the criterion of power amplifier design are de-
scribed in Section II. Section III presents the numerical results
and Section IV draws the conclusions.

II. SYSTEM MODEL AND DESIGN CRITERION
A. Transmitted OFDM Signal
Let T denote the signal duration and T}, the zero padding

interval. The OFDM block duration is Ti,; = T + 7. The kth
subcarrier is at frequency

fo = fe+k/Ts,

where f. is the carrier frequency and K subcarriers are used
so that the bandwidth is B = K/T,. Let s[k] denote the
information symbol to be transmitted on the kth subcarrier
and S, = SDUSPUSN = {7K/2, ,K/Q — 1} the set
of all subcarriers, where Sp, Sp and Sy are the sets of data,
pilot and null subcarriers, respectively.

The transmitted signal in the passband is given by

z(t) = ZRC{ Z S[k]eﬂ“?tg(t)] eﬂﬂf”t}, t € [0, Ty
kE€San
@)
where ¢(t) is a pulse-shaping window. For a rectangular
window
[ 1T, tel0,Ty]
9(t) = { 0, otherwise, G)

Other pulse shapers, such as raised cosine window, can be
applied as well.

B. PWM Modulation Model

The transmitted signal Z(t) is first modulated to a PWM
waveform. The PWM modulation process can be seen in
Fig. 1, where two types of PWM modulations, natural sam-
pling PWM (NPWM) and uniform sampling PWM (UPWM)
are illustrated. NPWM uses a comparison waveform to sample
the original signal, wherever the comparison waveform crosses
the original signal a sample value is recorded and translated
into a pulse duration on the PWM wave. Two types of
comparison waves are generally used in NPWM, either a saw
tooth waveform in which case the PWM is known as single
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edge NPWM, or a triangle waveform is used which is known
as double edge NPWM. Instead of using crossing points, the
pulse durations of UPWM are only decided by digital samplers
in a fixed sampling rate, and it can be implemented by setting
the registers of PWM controller in microcontroller (MCU) or
digital signal processor (DSP) straightforwardly. Only UPWM
is implemented for OFDM systems in this paper.

Analog Signal © Sample Point

dupwm Correspondence between UPWM and sample point
~=~- Correspondence between NPWM and crossing point

Fig. 1. Difference between UPWM and NPWM [4]

After getting the UPWM waveform, it is amplified by a
switch power stage using the metal-oxide-semiconductor field-
effect transistor (MOSFET). The amplified UPWM waveform
passes through a low pass filter, and the amplified analog
signal can be obtained from the class-D power amplifier. In
order to deliver more power, the matching circuit is needed
to match the impedance difference between the transducer
and the class-D power amplifier. The whole procedure of
amplifications for OFDM signals can be seen in Fig. 2, where
we split the PWM modulation in two components. The class-
D power amplifier is composed by three modules: PWM
modulation, switch power stage and low pass filter.

PWM Modulation
~ PWM with i
t
L0 Ideal  f====P» Quantization - switch
| =l Power Stage
Quantization
Matching Lowpass

Transducer |« Rt < Filter

Fig. 2. Amplifications of OFDM signals

C. Criterion of Power Amplifier Design

The receiver performs the following three steps to obtain the
frequency-domain samples from the passband signal shown in
Fig. 3.

Analog IFrequency
input AD | z(n) samples
—» Downshifting—» LPF  —» FFT »
B (48 kHz)
Z(t z[m]

Fig. 3. PSNR measurement

o The passband signal Z(¢) is sampled in passband to digital
samplings Z[n] based on sampling rate F,. We use F =
48 kHz in this paper.

o The passband digital signal Z[n] is shifted to baseband
z[n] = LPF (Z(n)e~727fn/F:) ‘where LPF(-) stands for
low pass filtering.

o The sample on the mth subcarrier is obtained as

[Th1-Fs |

ST zfnlemdm L 4)
n=1
where || is the floor function.

The samples on all the subcarriers are obtained simultaneously
by an FFT operation.

In this paper, we use the PSNR of the transmitted signal as
the design criterion. For each OFDM symbol, the pilot PSNR
is computed as

Emese {120m)*} ~ Emes, {I2m]*}
Emesy {|2m]I* }

where Sp and Sy are the non-overlapping sets of pilot
subcarriers and null subcarriers respectively. Note that the out-
of-band noise is not used in our calculations as it will be
filtered out by the bandpass filter at the receiver. The variance
of the inband noise as measured on the null subcarriers is a
good indicator of the intercarrier interference due to amplifier
distortions. The PSNR at the receiver side is smaller than that
at the transmitter side due to channel attenuations and the
ambient noise.

PSNR =

)

III. NUMERICAL RESULTS

The OFDM system parameters of the experimental tests are:
system bandwidth B = 6 kHz, center frequency f. = 17 kHz,
K = 1024 subcarriers, the duration of one OFDM symbol T" =
K/B =170.7 ms, and the guard interval T, = 50 ms. Among
the K = 1024 subcarriers, there are K,, = 96 null subcarriers
and K, = 256 pilot subcarriers, and K, = 672 data subcarriers.

A. Trade-off Between Modulation Frequency and Quantization
Bits

Focus on the fully digital processing class-D power ampli-
fiers except the low-pass filter to recover the analog signal
from the digital signal, two of the key parameters are the
modulation frequency and the number of quantization bits.
For specified DSP/MCU, the PWM duty cycle can only be
specified with a finite resolution, which depends on the system
clock frequency and the PWM modulation frequency. There is
trade-off between the modulation frequency and the number



of quantization bits. The higher modulation frequency is, the
smaller distortion will be from the PWM modulation, while
for each cycle of PWM signal, the extra bits used to specify
the width of PWM will be smaller and more quantization
noise will be induced. The relationship between the maximum
number of quantization bits v and the modulation frequency
Fpw s can be seen in (6).

F
v = log, ( Be ) (6)

Fpwwm

where F'pc is the base clock of PWM modulator.

In the tests we set the core clock as 294.912 MHz and
the base clock of the PWM modulator as Fgc = 147.456
MHz. The relationship between the maximum number of
quantization bits and the UPWM modulation frequency is
shown as

Fpwwm (kHz) 96 144 | 288
v (bit) 10.59 | 10 9

from which we can see that the higher modulation frequency
is, the less number of quantization bits can be used.

384 | 576
859 | 8

B. Experimental Setup and Results

Figure 4 shows the experimental setup used to generate
the PWM waveforms and test the performance of power am-
plifier design. First an OMAP-L137 digital signal processing
evaluation board is used to produce the UPWM modulated
waveform. This waveform is sent to the TAS5612PHD2EVM,
which consists of the power stage and low pass filter, to be
amplified. The TAS5612PHD2EVM power amplifier is mon-
itored and controlled by a USB control board and is powered
by 30 volt power supply. Once the signal is amplified by the
power amplifier it is then attenuated by using a transformer
and resistor network configuration before finally being passed
to a lab modem [2], which uses OMAP-L137 as the processor.

USB Board
Control

a

OMAPL137 TAS 5612 1kQ Lab
PHD2EVM | 40 10Q Modem
I 41
Power Supply

Fig. 4. Experimental setup

There are two modes in OMP-L137 PWM module called
enhanced high-resolution pulse-width modulator (¢tHRPWM)
and conventional pulse-width modulator (cPWM). Only the
cPWM is investigated in the experimental results. By setting
the modulation frequency as 576 kHz, 384 kHz, 288 kHz, 144
kHZ, and 96 kHz, we get the PSNR performance of different
modulation frequency and quantization bits in Fig. 5. Our
observations from Fig. 5 are as follows.

o Along the same modulation frequency, the more quanti-
zation bits are used, the higher the PSNR gets.

o With the same number of quantization bits, higher mod-
ulation frequency leads to higher PSNR.

o There is a PSNR ceiling for quantization around 47 dB.
When the PSNR reaches to 47 dB, more quantization bits
will not lead to higher PSNR.

e When the modulation frequency is less than 288 kHz,
which is roughly 15 times of the highest frequency 20
kHz, the increase of modulation frequency will lead to
higher PSNR performance. While when the modulation
frequency is more than 288 kHz, the increase of mod-
ulation frequency can only slightly increase the PSNR
performance.

PSNR

Quantization bit

Fig. 5. Experimental results, where the bound is computed based on an ideal
power amplifier

IV. CONCLUSIONS

In this paper, we studied underwater acoustic OFDM from
the power amplifier design perspective. By using the PSNR
as the design criterion, we investigated the performance of
class-D power amplifiers regarding to different modulation
frequencies and numbers of quantization bits. Experimental
results showed that there were PSNR performance ceiling as
the number of quantization bits increases.
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