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ABSTRACT

A study of the effects of interference caused by adjacent channels on the performance of turbo-

coded 16- and 32-APSK. Included in our discussion is the spectral regrowth in the nonlinear power

amplifier when driven by a non-constant envelope modulation. Ultimately, we present a set of

channel spacing guidelines when using turbo-coded APSK foraeronautical telemetry.
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INTRODUCTION

All wireless communication systems, including telemetry systems, require a power amplifier to

drive the transmit antenna. All amplifiers are nonlinear devices even though many have operating

regions in which they behave nearly linearly. The telemetrycommunity has historically compen-

sated for the power amplifier by using modulation techniquesthat are immune to channel non-

linearities called continuous phase modulation (CPM). However, these modulation techniques are

more complex and less spectrally efficient than memoryless linear modulation techniques. This has

only become a problem recently as telemetry data rates are increasing and the available telemetry

spectrum is shrinking. This has triggered a search for higher order forms of CPM that still are

immune to amplifier nonlinearity from which the more recent telemetry standards are derived.
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Our 2007 International Telemetering Conference paper [1] described a telemetry system that is a

departure from the pattern of CPM techniques. We proposed using 16- or 32-ary amplitude-phase

shift keying (APSK) to transmit the telemetry signal. Sincethis modulation is not immune to

nonlinearities, the power amplifier must be driven below saturation. The output signal power loss

resulting from driving the amplifier below saturation is termed output backoff. Since the power

amplifier produces less transmitted signal power, the signal power available to the receiver is cor-

respondingly lower as well. We proposed using error-control coding to recover some of the lost

power efficiency. Specifically, we used turbo codes that workwell at low signal-to-noise ratios

(SNRs). The significant result presented in that paper was anincrease (nearly 3×) in spectral effi-

ciency with no loss in power efficiency or in bit-error rate (BER) performance.

One of the limitations of our previous work was the lack of an accurate power amplifier model.

Rather than actually modeling the distortion caused by an amplifier, we assumed that the amplifier

would behave linearly if we backed off from saturation by some constant amount, nominally 6 dB.

In the next section, we present a model for a real-world poweramplifier and provide simulation re-

sults of an end-to-end telemetry system based on our previous proposal using this power amplifier.

Having a more accurate model of the power amplifier also allows us to address the issue of spectral

regrowth. Not only does the amplifier distort the signal of interest, it also spreads the occupied

bandwidth of the transmitted signal. This may decrease the spectral efficiency of the modulation

technique and cause interference in other channels at nearby frequencies. We also address these

issues in the following section.

NONLINEAR POWER AMPLIFIERS

An ideal amplifier has a constant gain over the entire band of interest for any input signal level.

Ideal amplifiers do not exist because there is a limited amount of DC power available. Even if an

amplifier is perfectly efficient, the output signal power cannot exceed that delivered by the power

supply. In other words, in any real-world power amplifier, there is a point at which an increase

in the input signal level will not have a corresponding increase in the output signal level. The

amplifier is “nonlinear” because the gain of the device is a function of the input amplitude. A

very simple nonlinear model for an amplifier is one with a linear operating region and a saturation

operating region. The AM/AM curve for this model is illustrated in Figure 1 and is the model used

in our previous work [1]. As long as the peaks in the input signal are lower than the input level

corresponding to output saturation, then the amplifier is well modeled as a constant gain.

Real power amplifiers do not have a sharp transition from the linear region to the saturation region

like that shown in Figure 1. Many amplifiers available commercially are advertised as “linear”
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Figure 1: A simple amplifier model.

amplifiers which means that the main operating region behaves very close to linearly. Research

has been done to measure the nonlinear characteristics of these amplifiers [2]. This data can be

used to define an AM/AM characteristic function which maps input signal amplitudes to output

signal amplitudes.

NONLINEAR MODEL

A common model for the gain of a solid-state power amplifier was first proposed by Rapp in [3].

This model is

g(A) =
vA

(

1 +
[

vA
A0

]2p
) 1

2p

(1)

wherev is the small signal (linear) gain,A is the input signal amplitude,A0 is the saturated output

amplitude, andp is a model parameter. Higher values ofp result in a sharper transition from the

linear region to saturation. The phase distortion of solid-state amplifiers is usually small enough to

be ignored [4].

We have used this to model the AM/AM characteristic of the power amplifier measured by [2]

which is intended for OFDM at 1.8 GHz. Our goal is to find the parametersv andp that minimize
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Measured Data
Simple Model
Nonlinear Model

Figure 2: Measured power amplifier data and model. The model was chosen to minimize the sum

of the squared error between the model and the measured data.

the sum of the squared error between our model and the measured data. Figure 2 shows the results

of this search forv = 1.79 andp = 3. Notice that the saturation output amplitude is 50 Volts and

there is a more gradual transition than the simplified model.

SPECTRAL REGROWTH

As mentioned previously, another form of nonlinear distortion is spectral regrowth. Although

the input signal may use a pulse shape with finite bandwidth, such as a square-root raised cosine

(SRRC) pulse, the resulting output signal will not possess the same spectral properties. This is

illustrated in Figure 3, which shows the power spectral density of a 16-APSK signal using an

SRRC pulse shape with 50% excess bandwidth. We use 16-APSK rather than square 16-QAM

because APSK has a lower peak-to-average ratio than square QAM. Thus, for a given average

symbol energy (Eavg), 16-APSK has a lower peak symbol energy than 16-QAM. We haveshown

in Figure 3 the PSD of the output of the power amplifier for different amounts of output backoff.

Notice that increasing the backoff lowers the sidelobes andmakes the bandwidth narrower. In fact,

if the power amplifier is backed off at least 1.6 dB from saturation, the -50 dBc bandwidth is the

same as the input signal. Similarly, if the amplifier is backed off at least 4 dB from saturation the

-60 dBc bandwidth remains unchanged from input to output. Ifwe use the -50 dBc bandwidth in
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Figure 3: Spectral regrowth for 0, 3, and 6 dB backoff. The input is a 16-APSK signal using an

SRRC pulse shape with 50% excess bandwidth.

our calculation of spectral efficiency,Rb/B, then our previous claims [1] of a dramatic increase

in spectral efficiency are valid for this power amplifier model as long as we back off by at least

1.6 dB. More backoff is not always better, however, since increasing backoff means decreasing

transmitted signal power. This corresponds to a lower SNR atthe receiver. We will show in the

next section that there is a tradeoff between SNR and distortion. We want to back off enough to

minimize the nonlinear distortion in the amplifier but not too much to drop the SNR below the

threshold of the turbo code’s error-correction capabilities.

Spectral regrowth also presents an interesting problem in channel spacing. If there were no non-

linear distortion, another transmitter broadcasting a signal with a similar SRRC pulse shape can be

centered at 1.5 on the normalized frequency axis of Figure 3.If the spectral regrowth at 0 dB back-

off is considered, however, the interference caused by an adjacent channel placed that close would

destroy the integrity of the link centered at zero. One possible alternative to increasing backoff is

increasing the spacing between adjacent channels.

SIMULATION RESULTS

We have simulated the performance of our turbo-coded APSK system when using the nonlinear

power amplifier model described in the previous section. Results have been generated for both 16
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Figure 4: Signal of interest and adjacent channel interference for 32-APSK with a rate 4/5 turbo

code. The power amplifier in both transmitter and interferers is backed off 3 dB from saturation.

and 32-APSK as defined in [5] with various code rates (1/3, 1/2, 2/3, 4/5, 7/8, 8/9), output backoff

levels, channel spacings, and interference powers. In all instances, the noise power spectral density

at the receiver remains constant such that when the amplifieris driven in saturation (0 dB backoff),

the received bit-energy to noise power spectral density ratio (Eb/N0) is 14 dB, the sameEb/N0 that

yields a BER or10−6 for Tier 0 and Tier 1. In our simulations, the adjacent channel interference

actually includes two interferers, one at a lower carrier frequency than the signal of interest and

one at a higher carrier frequency as illustrated in Figure 4 for a signal-to-interferer power ratio

(SIR) of 0 dB. The normalized frequency axis represents the product of the symbol period and the

frequency offset from the carrier. For example, if the bit rate is 10 Mbps, then the symbol rate

for 32-APSK is 2 M symbols/sec. The interferer located at 1.5on the normalized frequency axis

would then correspond to 3 MHz carrier offset.

Figure 5 shows simulation results for 32-APSK with a rate 4/5turbo code, the same scenario as

shown in Figure 4. All of the other code rates when used with 16or 32-APSK generate results

similar in shape to this one. Notice that there is an optimal amount of backoff as discussed previ-

ously. On the left side of the curve, the BER is high due to the nonlinear distortion in the amplifier

and the interference caused by adjacent channels. As the backoff is increased two things happen to

improve the BER. First, the nonlinear distortion in the signal of interest is reduced so that correct

6



0 1 2 3 4 5 6 7 8 9
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Backoff (dB)

B
E

R

Figure 5: Bit-error rate as a function of output backoff for 32-APSK with a rate 4/5 turbo code.

The signal-to-interferer power ratio in this case is 0 dB andthe channel spacing isfTs =1.5, the

amount allowed by the SRRC pulse shape without nonlinear distortion.

symbol decisions are made. Second, the spectral regrowth inthe interfering signals is reduced. On

the other hand, the right side of the curve represents the error-correcting capability of the turbo

code. As backoff is increased, the transmitted signal poweris reduced and, since the receiver noise

power is constant, the lower SNR at the receiver causes a highBER. In all of our simulations for

different code rates, 3 dB of backoff minimizes the bit-error rate regardless of channel spacing or

SIR.

Notice in Figure 5, that the BER never drops below10−6. Only rate 1/2 and rate 1/3 turbo codes

can achieve a BER below10−6 for 32-APSK at 3 dB of backoff. 16-APSK can achieve a BER

below10−6 at 3 dB of backoff with rate 1/3, 1/2, 2/3, and 4/5 turbo codes.

For a SIR of 0 dB, different channel spacings do not affect theBER. This implies that the main

source of error is distortion in the signal of interest rather than the adjacent channel interference.

Adjacent channel interference becomes a source of error at lower SIRs. Figure 6 shows the per-

formance of the turbo-coded APSK system as a function of SIR and channel spacing. Notice that

wider channel spacing only improves performance below 0 dB SIR and that spreading channels

further than 3 on the normalized frequency scale does not improve BER performance even at -20
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Figure 6: Bit-error rate as a function of channel spacing andsignal-to-interferer ratio for 32-APSK

with a rate 4/5 turbo code. The output backoff used in this scenario is 3 dB.

dB SIR. This is the case for any code rate at 3 dB backoff.

CONCLUSIONS

Our goal in this paper is to demonstrate the performance of a turbo-coded APSK telemetry system

with a realistic nonlinear power amplifier model. We have modeled a power amplifier designed

for telemetry based on OFDM signaling. Using this model, we have simulated a turbo-coded

APSK system using various code rates, amplifier backoff amounts, channel spacings, and signal-

to-interferer ratios. In order to make a fair comparison, weuse a fixed receiver noise power that

corresponds toEb/N0 =14 dB for an amplifier driven in full saturation. We assume that our worst

case SIR will be -20 dB. We have shown that the bit-error rate is minimized if the power amplifier

is backed off 3 dB from saturation. Additionally, we have shown that performance is improved

by making the channel spacing wider only up to 2 times what an undistorted SRRC pulse shape

requires and only when the signal power is below the interferer power. The code rates that achieve

a bit-error rate below10−6 for are 1/3, 1/2, 2/3, and 4/5 for 16-APSK and 1/3 and 1/2 for 32-APSK.

Our previous conclusions made in [1] for an ideal amplifier have been verified for a more complex

power amplifier model. Namely, our turbo-coded APSK system provides a significant increase
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in spectral efficiency over current telemetry standards. The power loss sustained by backing off

from power amplifier saturation is recovered by error-control coding gains. If we consider the -50

dBc bandwidth in our definition of spectral efficiency, then the spectral regrowth generated by our

modeled amplifier does not increase the bandwidth of the transmitted signal if we backoff by at

least 1.6 dB. The spectral efficiency of 16-APSK islog2 16× 1/3× 1/1.5 =0.89 bits/sec/Hz for a

rate 1/3 turbo code, 1.33 bits/sec/Hz for rate 1/2, 1.78 bits/sec/Hz for rate 2/3, and 2.13 bits/sec/Hz

for rate 4/5. The spectral efficiency of 32-APSK is 1.11 bits/sec/Hz for rate 1/3 and 1.67 for

rate 1/2. This is in contrast to 0.77 bits/sec/Hz for Tier 1 modulation currently used in telemetry

systems.
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