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Abstract

. . If the input is a narrowband-modulated signal of the
We present a study of the distortion caused by pow _ .

" ) o orm x(t) = a(t)cos(2mf t+¢(t)), the output will gen-
amplifiers driven by multicarrier spread-spectrum . e .
(MCSS) signals. The details of a time-domain techniqu@ra”_y consist of dlsto_rtlon products centered at integer
for nonlinear amplifier characterization are presented adultiples of the carrier frequency. In the majority of
an alternative to the conventional, network analyzefases, however, we are only interested in the in-band
methods. The bandpass nonlinear model and the assoffoducts (those centered around the center frequency).
ated AM-AM and AM-PM transfer characteristics are By the assumption of theandpassnonlinearity, the
employed in order to predict the spectral regrowth as &£maining freque_ncy content is either _removed by an
function of the spreading gain. The predictions differ byldeal bandpass filter at the output, or it naturally falls

approximately 2 dB from the measured resullts. outside of the system bandwidth.
If the assumed form of the input signal is substi-
1. Introduction tuted in (1), and if only the fundamental component of
o o _ ~the output is retained, the output is of the form [1]:
Efficient power amplification is an essential consid- yo(t) = fla(]cos(2mf t+ o (1)), where

eration in the overall performance of today’s wireless

communication systems. The amplifiers used in such  f(a[t]) = Za Cnan(t)_l“—!

systems often operate near the 1-dB compression point n= i hint

in order to maximize power efficiency. Operating near ) 2 2 )

the 1-dB compression point causes signal distortion i N€ functionf[*] represents the so-called AM-AM dis-

the case of varying-envelope signals. tortion, and is traditionally determined by single-tone
An important measure of the nonlinear distortion ismeasurements performed on a network analyzer.

the spectral regrowth, as quantified by the so-called The single-tone measurements also reveal that the

adjacent channel power ratio. The simplest of model§utput phase is a function of the input amplitude.

used for spectral regrowth prediction is the so-called\lthough this effect is not a consequence of the pro-

Memoryless, Bandpass Nonlinear Model. The model ig0sed form of the instantaneous output in equation (1),

appealing because of its simplicity. In this paper, wdt iS assumed that the output can be expressed as

apply this simple model to the case of MCSS systems,  Yol[t] = fla(t)lcos(2mf t+d(t) +6[a(h)]), (3)

which have raised a considerable interest due to thejjherep[a(t)] , is the so-called AM-PM characteristic.

resistance to multipath fading interference. The coefficients of a polynomial fit to eq. (2) can be

used in order to extractc,; _, , the odd-order coeffi-

cients of the expansion in eq. (1). This is usually not of

In the bandpass nonlinear model, the instantaneougnterest in spectral regrowth simulations, since we are
voltage at the output of a nonlinear device is representednly concerned with the signals in a narrow band around
as a series expansion of the input as: the carrier frequency. Equation (3), therefore, represents
the bandpass nonlinear model which is the basis of the

(2)

2. Memoryless, Bandpass Nonlinear Model

o work presented in this paper.
yIxl = 3 ex'(1) @
n=0 3. Time-Domain Amplifier Characterization
Conventionally, the AM-AM and AM-PM charac-
*This work is supported by the Army Research Office teristics are obtained using single-tone amplitude
under grant DAAH04-96-1-0001 sweeps on a network analyzer. Recently, Heutmaker et.
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al. [2] have pointed out the advantages of using digiobserved. Following the amplifier is a bandpass filter
tally-modulated signals in order to obtain the transfeicentered at the carrier frequency. Finally, an attenuator
curves. Time and bandwidth (data-rate) dependencies & used in order to minimize the distortion of the mixer-
the nonlinear characteristics exhibited by some amplifidownconverter.

ers [2] are obscured by the conventional measurement As mentioned before, the test signal is a DSB-SC-
techniques, but are quite easily observed with the altemodulated sinusoid. The modulating signal is a low fre-
native, time-domain techniques. In [2], a digitally-mod-quency sine wave. The output of the signal generator
ulated signal was used to obtain the transfemay be represented as:

characteristics. Presently, there are no results which  x(t) = Asin(2nf gt)sin(2mf gt) (4)

would |nd|(?ate the optimum modulation scheme to be The low frequency sinusoid simulates the power
employed in the measurements. We have adopted i eon on a network analyzer. However, the signal in
double-sideband, suppressed carrier (DSB-SC) formak  ation (4) is fundamentally different than an ampli-
In part, the scheme was chosen for its inherent simpliGy,je syweep, because it consists of two tones separated

ity; another reason for using DSB-SC modulation is th o
’ . - . 2f n nter . In other wor this signal
fact that it is identical to the familiar two-tone mtermod-eby s and centered af other words, this signa

ulation testing. has a non-zero bandwidth and may therefore be used to
The basic schematic of the measurement method i§tUdy bandwidth (data-rate) dependence of the nonlin-
shown in figure 1: earity. The amplifier tested in this paper showed no sig-
nificant frequency dependence and hence such effects
g:::rfg{g; RF Test Unit are not modeled here.

In order to extract the amplitude and phase modula-

Qg;‘:,'a““g 0 DSP tion components introduced by the nonlinearity, we note

H@ D A demodulator that the signal presented to the A/D converter in figure 1

7] converter| is of the form:
 oarrer sl y(t) = f[Asin(2mfgt)]sin(2mf -t + @[ Asin(2mf ¢t)])
: ®)
Figure 1: Basic Measurement Schematic The signal in eq. (5) is an amplitude- and phase-modu-
lated sinusoid. The function§[*] ang*] are the

The test signal is generated on an arbitrary waveforrgesired AM-AM and AM-PM characteristics.
synthesizer, and applied to the amplifier. The outputis A simple method to extract the transfer curves
sampled and stored in an A/D converter. The stored ou{yould be to use coherent detection; with this method,

put is digitally process_ed_ in order to obtain the AM-AM eq. (5) is multiplied bysin(2rtf,.t)  andos(2rtf )
and AM-PM characteristics.

Commercial waveform synthesizers usually operat@nd the products are lowpass-filtered. It can easily be
in the megahertz range, and are therefore not suitable f§POWN thatf[*] ~and[*] can be extracted from the fil-
testing at microwave frequencies. To overcome this limi€red outputs through simple mathematical manipula-
itation, an “RF Test Unit” was devised. The schematidions. A potential difficulty with this approach is the

of this circuit is shown in figure 2. delay associated with the A/D triggering circuitry. If the
delay is significant (as is the case when the carrier fre-
quency approaches one half of the A/D sampling rate)
input output . . .
the transmitter and receiver carriers are out of phase and
e bUY  bandpass attenuator the detectu_an error may become S|gn|f|gant. .
amplifier filter To avoid potential problems associated with coher-
ent detection, the Hilbert transform approach is adopted
L in this paper [3]. With this approach, the analytic repre-
LO sentation of the received signal is formed as:
Figure 2: The “RF Test Unit” 2 =y +iy®,

wherey(t) is the Hilbert transform gft) . For the case

The test signal is first upconverted to a suitable microof the signal in eq. (5) it can then be shown that:
wave frequency. The signal is kept at a low level in order . 2 <2
. . ; f[Asin(2rtf )] = Ay (t t
to prevent unwanted distortion by the mixer-upcon- |FlAsin(zt ]| y (O +y(1), and
verter. Because of the low input signal level, it is usually
necessary to add a low-distortion amplifier so that the
saturation characteristics of the amplifier can be
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@[ Asin(2mtf )] = _ phase distortion. For that reason, the AM-PM character-

istic was excluded from the analysis. A plot of the out-

~ put vs. input amplitude characteristic yields the desired

Bataf%— af gt f[Asin(2nfgt)] >0 AM-AM curve. The measured data and the correspond-

o - ing polynomial fit are shown in figure 5:
gatan‘-’y— af ct—mt f[Asin(2nfg)] <0

Measured AM-AM
0.8

0.7f

The modulating signal frequency used in the mea-
surements was 12.5 kHz, and the IF carrier frequency
was 400 kHz. The amplitude of the test signal (eq. 4) is

0.6f

0.5f

. . . >0.4}
shown in figure 3:
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Figure 3: Magnitude of Input Envelope

0.2f

The phase is not shown due to space limitations, but it o
simply alternates between -90 and +90 degrees as seen % oo oo oée 008 01 o1
from eq. (4).

The input signal was applied to the amplifier as  Figure 5: Measured and Fitted AM-AM Data

described above. The output is shown in figure 4: ) ) )
Output Magnitude The fitted AM-AM data is used in the spectral regrowth

0.8

calculations to be described in section 5.
07
05 1 4. Transmitter Model
05 t —
>04 1 The model of the MCSS transmitter is shown in figure 6.
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Figure 6: Transmitter Model

~Loof 1 The multicarrier system studied in this paper employs
~150 1 two carriers. The input sequence is divided in two by the
~200] o = - - — serial to parallel converter. Each stream is then spread

time (ms) '

by a random spreading sequence and filtered by a
Figure 4: Amplitude and Phase of Output Envelope raised-cosine filter; the raised-cosine filter parameter

was set at 0.5. The filtered data streams are multiplied
As seen in figure 4, the amplifier exhibited negligible
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by the carriers whose phases are randomly selected. Tpewer. If the FFT of the output signal is denoted as
carrier frequencies are set so that the spectra of the twg(k), then the in-channel and adjacent-channel power
substreams are adjacent to each other. The frequency @ dBW) are given by:
one of the carriersf{;) was set to zero in this simple, B
two-carrier case. The sum of the two sequences then p2fres
constitutes the MCSS signal used in our work. Pin-channel = 10l0g; 3 Y°(k), and

Spreading gain is defined here as the ratio of the bit k=1
duration of the incoming data stream and the spreading
sequence. We later vary the spreading gain in order to . — 1 2
quantify its effects on the spectral spreading. Padi-channer = 1000y % M

The input data stream consists of 256 bits, at a data k= Ffres ™t
rate of 61.035 kHz. The power spectral density (normalwhereB is the channel bandwidtN, is the FFT length,
ized to 0 dBm/Hz) of the input signal with a spreadingandfresis the frequency resolution.
gain of 2 is shown in figure 7. The difference in the calculated and predicted

PSD of Input MCSS Signal ACPR is shown in figure 9:

Ratio of Predicted vs. Measured ACPR
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Figure 7: PSD of Input Signal Spreading Gain
Figure 9: Error in ACPR
5. Results

The model of section 1 is particularly easy to applyg conclusions
in this case, where AM-PM distortion is negligible.
Assuming thatx(t) is the input MCSS waveform, the

. . . The memoryless, bandpass nonlinear model was
output of the bandpass filter in figure 2 is y b

applied to the case of Multicarrier Spread Spectrum Sig-
fIx(9]cos(zmf 1), nals in order to predict the spectral regrowth. The dis-
so that the input of the A/D converter is judix(t)] . agreement between the measured and predicted ACPR

Function f[*] was determined in section 3, and it isWas approximately 2 dB. The details of an alternative,

readily applied to calculate the output. The calculatedime-domain method for determining the AM-AM and
output spectrum is shown in figure 8. AM-PM characteristics have been presented, and the

method was successfully applied in the measurements
and simulation.

PSD of Calculated Output MCSS Signal
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