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Abstract- A nonlinear spectral analysis technique gain compression/expansion and represents the useful
that enables digital communication system metrics; part of the output that leads to correct detection of
SNR, EVM and the waveform quality factor (p) to be  the received data. On the other hand the uncorrelated
related to in-band distortion spectrum is presented. part adds to the system interference in a similar way to
System metrics are estimated from the measured that of Additive White Gaussian Noise (AWGN). Thus
output power and in-band distortion power. The the correlated and the uncorrelated nonlinear output
estimated metrics are verified by direct measure- components contribute differently to the degradation of
ments of each metric using a Vector Signal Analyzer system SNR, EVMp and ultimately system BER.

(VSA) performed on a forward-link 1S-95 signal. In [1] we reported a behavioral modeling technique
Estimated system metrics are in excellent agreement that enables the effective in-band distortion to be pre-
with measured values. dicted from basic amplifier characteristics without any
assumption on signal statistics such as the Gaussian
|. INTRODUCTION assumption. The technique is based on separating the

Predicting system performance metrics such as Signaﬁorre'ate‘j and uncorrelated comp_onents Of, the .output
to-Noise Ratio (SNR), Error Vector Magnitude (EVM) spectrum and hence it allows the in-band distortion to
and the waveform quality factopy is usually a difficult be identified. In this paper we utilize th'|s tephmque
task when the signal is processed by a nonlinear amf'fmd de\(elop a formulation of in-band _d|stort|on and
plifier. A high dynamic range receiver and demodulator'™ frelatlon t-ost,\:]é E\(;Sl\'/tl comlmor:jdm_etrlcs ?jf S3’|Stem
are required to detect the baseband symbols necessa rorrlna}nce,h. ' Fa]nﬂ.hn a |t|or_1 weTr:ave op |
for calculating waveform quality metrics. It is therefore t, € re_atlons Ip among t_ e three metrics. These rela-
desirable to accurately estimate these metrics from mee{'—onsmpS are verified by direct measurements performed

surements which do not require a sophisticated digitaPn an IS'95_ system using a vector signal analyzer
receiver. and vector signal generator. Measurement of in-band

The nonlinear behavior of RF and microwave ampli-:cj'smrt'(;)n ofa Tl'gh frequency signal is k;]ased on a feed-
fiers result in in-band (or co-channel) distortion which orward cancellation measurement scheme to remove

is manifested as a degradation of SNR and uItimateI)Ihe correlated component of the output spectrum.

as a degradation of Bit Error Rate (BER).and EVM

are measures of the fidelity of a digital communica- !l- RELATIONSHIP BETWEEN SYSTEM METRICS

tion system and are related to in-band distortion and AND IN-BAND DISTORTION

SNR. Characterizing in-band distortion and its relationin order to develop the relationship between the co-
to the system metrics require the correlated and thehannel distortion and system metrics we need to write
uncorrelated components of the output spectrum to béhe output autocorrelation function (which is directly re-
identified. The correlated output component consistdated to the output spectrum) as the sum of uncorrelated
of an amplified version of the input waveform with components. Using the analysis in [1] the output of a

) ) ) ) ) nonlinear amplifier is expressed as a useful component
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The useful part of the signaj.(¢) consists of the of the PSD’s of the uncorrelated output components
linearly amplified version of the input signal and the of (4) as

correlated part of the spectral regrowth term. The cor- B/2
related portion of the distortion does not contribute to SNR — ffB/2 Sgeqe (F)df (5)
distortion noise but rather affects the signal level in fi/;iz Sgug.(F)df + NoB

a manner akin to gain saturation or enhancement of
discrete tones. The uncorrelated part of the ouplis ~ Where S, (f) is the PSD of signak(t) and B is the
additive distortion noise and affects system performanc&andwidth of the input signal. Note th&NR is a

in a similar way to AWGN. Thus both the correlated and function of both the nonlinear distortion and the energy
uncorrelated parts of the output affects the output SNRPer bit-to-AWGN ratioE;,/No. Evaluating the effective
and BER in different ways. Now, using the orthogonal SNR is important to determine the system BER and the
behavioral model, the output autocorrelation functionsystem Noise Figure (NF). These parameters are usually

can now be written as estimated assuming a linear AWGN channel however
nonlinear distortion increases the system BER for a
Ry5(7) = Ry, (7) + Ry, (7) (2)  fixed AWGN power.
where

B. CDMA Waveform Quality Factormp]

. _ 2
Ryeje (1) = le1| Ruyuy (7) The waveform quality factor is a measure of the cor-

and relation between a scaled version of the input and
N the total in-channel output waveforms. Therefore, using
o _ 2 the above formulation, the waveform quality factor is
R?Idyd (T) 7;3 |Cn| Runun (T) deﬁned as:
~ (4 =k (V]2
The output Power Spectral Density (PSD) is obtained, = {E[y(;‘)yc (f)] 5
from the Fourier transform of 2: Elly(t)] }E[\yc(g/\Q]
— 52 Suenc(F)df
Sgg(f) = Sgege (f) + Sgaga(f)- @) = J-bya Siei

B/2 B/2
The output spectrum is therefore the sum of the spectra J=y2 Soea (D + =52 Saia (DA + NO?
of the uncorrelated signal components of the output ©)
waveform. where the in-band portion of the signal&), y.(¢) and

At the receiver, the received signal consists of they,(t) is used in this expression. Note thatcan be
amplified transmitted signal and an AWGN component.directly related to the effectivBNR and it measure the
Therefore, the signal at the receiver can be written infraction of the useful part of the signal at the receiver.

complex envelop form as Comparing (5) and (6), the relationship betweeand
- . . ~ SNR can be written as
F() = Gelt) + Galt) + (1) (4) T o

whereni(t) is AWGN component with power spectral S

density of N,. Note that the three output components |, an |S-95 systenp is usually measured when only
are now uncorrelated and therefore the uncorrelateghe pilot channel is transmitted [2]. In this case, the
output distortion is treated as an additive noise similapnggN assumption of the signal model is not valid and
to AWGN. The total system noise which affects the therefore the estimated using the properties of the
output signal quality (and hence system BER) consistg;ayssian higher order moments does not lead to an

of uncorrelated in-band distortion and AWGN as will 5ccyrate estimation of which gives the above analysis
be seen in the following. In the following we derive the s importance.

most common measures of in-band distortion using the

above analysis. )
y C. Error Vector Magnitude (EVM)

) ) , Error Vector Magnitude (EVM) is a common figure
A. Signal-to-Noise Ratio (SNR) of merit for system linearity in digital wireless com-
The effective system SNR is defined as the ratio ofmunication standards (including GSM, NADC, 1S-95
signal power to total noise power including the power ofand WCDMA systems) where a maximum level of
the in-band distortion terms. It can be expressed in term&VM is specified. EVM is defined in the context of



N N 20 dB o
* PA Attenuator 7
Power Power
Splitter Combiner
Variahle X
Variable
‘; Phase M —r
Shifter Attenuator

Fig. 1. Feed-forward cancellation measurement setup.

digitally modulated signals where it is a measure ofresulting output at the power combiner consists of the
the departure of signals constellation from its idealtotal uncorrelated distortion (in-band and out-of-band).
reference because of nonlinearity. Nonlinearity resultsThe in-band distortion is measured as the uncorrelated
in compression/expansion and rotation of the signaldistortion within the signal bandwidth using an Agilent

constellation. EVM can be defined using (4) in termsE4445A PSA spectrum analyzer. Fig. 2 shows measured

of the signal and noise power as total output and the uncorrelated distortion spectra. The

measured in-band distortion as a function of the output

EVM  — \/E[ﬂﬁ(t)] + Eln(t)?] power is shown in Fig. 3(a). The minimum measured
Ey2(t)] in-band distortion (at low power levels) is limited by

52 the finite cancellation that the feed-forward approach

J =82 Siaga (£)df + NoB - provides [3]. This is due to the finite gain and phase

f_Béig oo (f)df matching that can be achieved by the instrument and

the measurement setup.
Using (5) and (6) EVM can be related to SNR apd The SNR,p and EVM were estimated from the in-

as follows band distortion and verified by directly using a VSA.
A measured SNR of 32 dB at small signal (which
EVM = 1 represents a lower limit of the noise power in the
SNR VSA measurements) was included in the estimate of the
and metrics. Figs 4 (b), (c) and (d) show a a good agreement
T between measured and estimated values.
EVM =,/- -1
P
Note that EVM andp are directly related to SNR and IV. CONCLUSION

hence the ability of the receiver to perform reliable A technique to directly relate system metrics to nonlin-

detection of the transmitted data. ear distortion has been developed and verified. SNR,
EVM and p were estimated from in-band distortion

[1l. M EASUREMENTS measured using feed-forward cancellation. The esti-

The measurements presented here were performéHated metrics are in excellent agreement with direct
using Agilent E4438C vector signal generator, AgilentMeéasurements of system metrics using a VSA. The
E4445A PSA spectrum analyzer and 89600S vectogimplicity of the measurement enables the metrics to
signal analyzer. The in-band distortion is measured?® Predicted using simple lab equipment.
using a feed-forward cancellation setup as shown in
Fig. 1. The input signal is a forward link 1S-95 signal
with the pilot only is generated using Agilent ESG
4438C vector signal generator. The signal is split using [1] K. M. Gharaibeh and M. B. Steer, “Performance Analysis of

; i ; ; i Direct Sequence Spread Spectrum (DS-SS) CDMA System With
a power spl!tter into two branches. The first is am.p“fIEd Amplifier Nonlinearities."IEEE Radio and Wireless Conference
by the nonlinear PA under test and the second is used  RawCON2004, Sep. 2004.
after phase reversal to cancel the linear component ofi2] V.Aparin, “Analysis of CDMA signal spectral regrowth and
the output. The variable phase shifter and the variable ng‘vefor;“3gga'2'giLE%E T""Z‘Bz-l""'cm""a"e Theory Techivol.
attenuator are used to adjust the linear input level and[3 PP it '

- S ] P. B. Kenington, High Linearity Amplifier Design, Massachs-
phase to cancel the linear output of the amplifier. The  sets: Artech House Inc., 2000.
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Fig. 2. (a) Measured spectrum: (1) total output spectrum and (2)

in-band distortion (output of the feed-forward loop). (a)
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Fig. 4. System metrics: (a) SNR, (byand (c) EVM vs. output power;
o : measured; and: estimated using measured in-band distortion.



