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Abstract— It is now well known that the prediction
of intermodulation distorsions at the system level using
the AM-AM and AM-PM characteristics of power am-
plifiers may be of very poor accuracy if amplifiers ex-
hibit nonlinear low frequency dispersion effects (mem-
ory effects). This paper presents a new cost effective
method for computing the NPR of power amplifiers at
the circuit level, hence providing a more accurate pre-
diction and the possibility to include the NPR as a direct
optimisation objective in the design of amplifiers. The
method is particularly well suited to the design of high
efficiency solid state power amplifiers.

I. Introduction

When building the link budget of global satel-
lite systems, the knowledge of the noise power
ratio (NPR) of power amplifiers is of prime im-
portance. In multi-carrier amplification, the NPR
gives a better indication of the amount of in-
termodulation distortion than the usual two-tone
third order intercept point (IP3) does [1] [2].
While designing transponder, simulation of the
power amplifier (PA) NPR is performed only
at the system level using AM-AM and AM-PM
characteristics of the PA. Unfortunately, the NPR
computed from the (AM-AM, AM-PM) charac-
teristics is not very accurate. In fact, (AM-AM,
AM-PM) characteristics do not account for pos-
sible amplifier impedance mismatch and biasing
circuit memory effects. Memory effects are par-
ticularly sensitive in power amplifiers including
predistortion linearizers [3]. The system level
design strategy based on the use of (AM-AM,
AM-PM) characteristics is globally satisfactory
for systems employing TWT amplifiers but not

for those using SSPAs. An optimal design of a
SSPA needs to include the NPR as an optimisa-
tion objective, as well as output power and power
added efficiency [4]. Hence the NPR of the PA
has to be simulated at the circuit level. Thanks to
the new simulation algorithm, the Envelope tran-
sient method [5], it is now possible to efficiently
perform nonlinear amplifier analysis with the test
signal required for NPR computation. For illus-
tration, the power spectrum of the test signal used
for the NPR simulation is sketched in Fig.1.
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Fig. 1. Power spectrum of the test signal

This is a coarse representation of a band-
pass gaussian white noise, with a notch usually
impressed around the center carrier frequency.
Practically the spectrum is made of a large num-
ber of equi-amplitude carriers having indepen-
dent random phases with a uniform distribution.
When this signal is fed into the PA, intermodu-
lation products fill up the notch so that the ratio
of the average output power within the notch to
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the average output power outside the notch de-
fines the NPR. When simulating this test signal
directly derived from practical measurement se-
tups, we face two problems :

� The ratio of the notch bandwidth to the total
signal bandwidth must remain small in order to
have a minimum perturbation of the original sig-
nal.

� It is necessary to consider a fairly large num-
ber of carriers within the notch, about 100, in or-
der to minimise the variance of the notch average
power.

These two conditions cause long simulation
times and besides, the notch technique does not
provide the intermodulation noise distribution
over the whole signal bandwidth. An alternative
technique avoiding the use of a notch has been
recently proposed by Chen [6]. This technique
which makes use of the concept of the equivalent
gain of a noisy system provides the distribution
of the intermodulation power in the whole band-
with and has proved to be less time consuming.
However this is only applicable to memoryless
nonlinearities, which is not the common case for
SSPAs. In this paper, we present the extension
of the above technique to handle nonlinearities
presenting memory effects. In the next section
the new technique is briefly presented and ap-
plied to compute the NPR of a MESFET ampli-
fier. The MESFET amplifier is simulated with
a complete circuit level nonlinear model using
Envelope Transient Method. We will conclude
by comparing the measured NPR with those ob-
tained from the proposed circuit level simulation
and from the classical system level simulation us-
ing (AM-AM, AM-PM) characteristics.

II. Extraction of intermodulation noise by
cross correlation

Let us considerx(t) = <(x̂(t)ej!t) andy(t) =
<(ŷ(t)ej!t) as the input and output of a noisy
communication system exhibiting memory ef-
fects. As an extension of the equivalent gain prin-
ciple adopted in [6], the complex envelopeŷ(t) of

the output signal may be expressed as

ŷ(t) = hx(t) � x̂(t) + n̂(t) (1)

where * denotes the convolution operation and
n̂(t) the complex envelope of the noise generated
by the system. As regards NPR simulation the
noise generated by the system corresponds to in-
termodulation products arising from the nonlin-
earities.

Following the principle of the equivalent gain,
the complex impulse responsehx(t) depends on
the waveform or the statistical properties and
power of the input signal.

In our case the input signalx̂ is a random gaus-
sian process.

Writing the cross correlation function of̂n(t)
andx̂(t)

Rx̂n̂(� ) = E[n̂�(t)x̂(t+ � )] (2)

and taking its Fourier transform, we have :

Sn̂x̂(f) = Sŷx̂(f) �H�x(f)Sx̂x̂(f); jf j <
BW

2
(3)

whereSab(f) = F(E(a�(t)b(t+� )) represents
the cross spectral density of processesa and b
whileBW is the input signal bandwidth.

In a large number of band-pass applications
the transfer functionHx(f) is a smooth function
which can be reasonably expressed in terms of a
low order polynomial serie expansion.

Hx(f) =
PX
i=0

aif
i (4)

Note that if P=0 in (4), this corresponds to
memoryless solution proposed by Chen [6]. Now
given the polynomial order P and assuming the
orthogonality of intermodulation noise and input
signal, we have to find the coefficientai (i =
0 � � �P ) so that the energy (5) is minimum.

Z +BW
2

�
BW

2

jSn̂x̂(f)j
2df =

Z +1

�1

jRx̂n̂(� )j
2d� (5)
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The spectral density of the test signal for NPR
analysis being constant and discrete the problem
reduces to minimize the cross correlation power

1

N

NX
k=1

jSn̂x̂(fk)j
2 =

1

N

NX
k=1

jSŷx̂(fk)�H�x(fk)Sx̂x̂(fk)j
2

(6)

which leads to minimize

Pn̂x̂(a0 : : :aP ) =
NX
k=1

jH[fk]�
Y [fk]

X[fk]
j2 (7)

whereXk andYk are discrete carriers of the
input signal describing the gaussian band limited
noise and N is the number of independent carri-
ers.

The solution is obtained by a least square anal-
ysis. The optimal value of polynomial order P is
obtained when the computed NPR which is equal
to (8) becomes constant with increasing P.

PN

k=1 jH[fk] �X[fk]j2PN

k=1 jY [fk]�H[fk �X[fk]j2
(8)

Once the transfer function is determined we
can extract the noise from (1). This method has
been implemented and applied to compute the
NPR of a MESFET amplifier.

III. Measurements and simulated results

A MESFET amplifier has been, simulated with
a complete circuit level non linear model (2) us-
ing Envelope Transient Method.
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Fig. 2. Nonlinear FET model

Fig. 3 shows the comparison of the NPR com-
puted with our new method, the classical notch
method and the equivalent gain method [6].
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Fig. 3. NPR of the MESFET amplifier versus input power

We can see that the NPR computed with our
new method tracks closely that computed with
the classical notch method, while the NPR ob-
tained from the equivalent gain method becomes
constant for small input powers. This is partly
due to the effect of phase delay is being con-
sidered as intermodulation in the equivalent gain
method.

The computation cost of the new method is five
times less than the notch method.

Fig. 4 shows the spectral densities of the out-
put useful signal and intermodulation noise for a
26 dBm input signal, corresponding to a 14 dB
NPR.
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Fig. 4. Intermodulation and output signal power distribu-
tion (NPR=14 dB, Pin=26 dBm)
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The test signal is composed of 1000 carriers
within a 16 MHZ bandwidth.

Fig. 5 shows the comparison of measured and
simulated NPR.

The simulation has been performed using the
complete circuit level model and also using the
AM/AM and AM/PM characteristics.

We see that simulations using the circuit level
model are in good agreement with measure-
ments while the NPR obtained from AM/AM and
AM/PM characteristics is too much optimistic by
about 2 dB. This discrepancy is due to the pres-
ence of nonlinear memory effects which are not
accounted for by (AM/AM, AM/PM) character-
istics.
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Fig. 5. Comparison of measured and simulated NPR ver-
sus input power

Finally, Fig. 6 shows the plot of NPR as a func-
tion of the power added efficiency, using circuit
level analysis and also (AM/AM, AM/PM) char-
acteristics. The two curves are again separated by
more than 2 dB.

IV. Conclusion

We have presented a new method for simu-
lating Noise Power Ratio of nonlinear systems
exhibiting memory effects. This method has
demonstrated to be as accurate as the classical
notch method and less time consuming.

We have shown that using system level
(AM/AM, AM/PM) characteristics can cause
large errors on the NPR prediction of SSPA, be-
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Fig. 6. NPR versus power added efficiency : comparison
of circuit level model with AM/AM and AM/PM char-
acteristics.

cause of memory effects. The moderated com-
putation cost of the proposed method makes pos-
sible the simulation of NPR at circuit level with
much more accuracy. It is therefore possible to
optimise the amplifier topology and matching cir-
cuits in order to find the best compromise be-
tween NPR and other factors such as the power
added efficiency and output power.
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