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TABLE 111
EsTiMaTION OF Cpl/Cw AT Vds =3V

Expression 100% Idss 50% Idss 20% Idss
(Rs+Rd)/Rds 0.0258 0.0247 0.012
Cegd*Gm™(Rs+Rd)/ 0.0278 0.0281 0.0142

(Cgd + Cgs)
Cpl/Cw 0.0536 0.0528 0.0252

200 -
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After Correction
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Fig. 4. f, versus % Idss before/after parasitic capacitance correction
of Cp2/ Cw as a function of gate biases.

in Table II at 100% Idss, 50% Idss, and 20% Idss. The (Rs+
Rd)/Rds term and the Cgd*Gm*(Rd+ Rs)/(Cgd+Cgs) term
are calculated and listed in Table III to indicate percentage
error to (Cgs+Cgd). The Cpl/Cw =54% at 100% Idss and
2.5% at 20% Idss and agree well with HEMT result at high Vds
as reported in [2]. Cp2/Cw =16% and Cpl/Cw =5% is the
correction for the 0.25X200 n gate FET and the Cp2/Cw =
63% and Cpl/Cw =15% is the correction for the 0.25X50 w
gate FET. Consequently, Cp2/Cw can be a very large correc-
tion term as gate width decreases to below 50 w.

Next, the f, dependence on gate bias for a 0.25X200 wu, ion
implanted InGaAs MESFET is measured. We applied the above
parasitic capacitance correction technique and compared the f,
before and after correction as shown in Fig. 4. Before the
correction, the peak f, is 120 GHz and the f, values are greater
than 100 GHz for biases from 40% to 100% Idss. After correc-
tion of Cp2/Cw =16%, the peak value of f, is 143 GHz and
the f, values are greater than 100 GHz for bias ranges from
25% to 100% Idss as shown in Fig. 4. At low gate bias, the f,
correction is small because the transconductance is low. Finally,
after correction of both Cp2/Cw =16% and Cpl/Cw = 5%,
the peak f, is 151 GHz for the measured f, value of 120 GHz
indicating excellent millimeter-wave performance comparable to
pseudomorphic HEMT’s.

VI. CoNcLUSION

We have described a technique for determining the parasitic
capacitance attributed to device layout geometry. This simple
technique for determining the parasitic capacitance attributed
to device layout geometry. This simple technique requires only
on-wafer, Cascade probe measurements on devices with varying
gate widths. This technique will assist in the optimization of
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device layout design and in improving device modeling perfor-
mance for microwave and millimeter-wave applications.
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Accurate Measurement of Signals Close to the Noise
Floor on a Spectrum Analyzer

Andrew A. Moulthrop and Michael S. Muha

Abstract —Because most spectrum analyzers are calibrated to read
the true power of a sinusoidal signal, a correction factor is necessary to
read the true power of a nonsinusoidal signal, such as noise. Conse-
quently, when noise and a sine wave are both present, a correction factor
that is a function of the signal-to-noise ratio is necessary to find the true
signal power. For some spectrum analyzers the correction factor for
pure noise is incorporated into the software, but the correction factor for
signal plus noise is generally ignored. This article derives this correction
factor, which is significant where the signal-to-noise ratio is near unity.

INTRODUCTION

Spectrum analyzers are commonly used to measure sinusoidal
signals close to the noise floor of the measurement system. For
example, measuring the third-order intercept of a small-signal
amplifier requires an accurate determination of the amplitude
of the third-order intermodulation products, which are usually
close to the noise floor. In this case, the spectrum analyzer’s
internally generated distortion products, in addition to noise,
can reduce the accuracy of the amplitude measurement. Since
the internally generated distortion products have an unknown
phase with respect to the desired signal, it is not generally
possible to correct for these products; rather, one must avoid
them entirely, by attenuating the input signal. Attenuating this
input signal will decrease the signal-to-noise ratio, unless a
feedforward cancellation technique [1] is used. In any case,
noise remains as a limitation of measurement accuracy. It is
possible, however, to correct for noise in the amplitude mea-
surement, because noise causes a deterministic error. This error
is deterministic because, although the noise amplitude fluctuates
randomly, these fluctuations can be smoothed by using a narrow
video filter or by video averaging. The signal peak can then be
measured accurately; however, this power measurement in-
cludes both signal power and noise power.

One might try (naively) to correct for noise by subtracting the
displayed noise power from the power of the displayed signal
plus noise, but such a correction can result in a larger error than
if the noise is simply ignored. This is because spectrum analyzers
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Fig. 1. Block diagram of the IF-detector portion of a typical spectrum

analyzer.
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Fig. 2. Block diagram of a signal-plus-noise measurement system.

are normally calibrated to display the true power level of only
sinusoidal signals, not that of Gaussian noise. However, to find
the true signal amplitude when noise and a sinusoidal signal are
both present, a correction factor must be applied that is a
complicated function of the displayed signal-to-noise ratio. This
correction, derived below, depends on the displayed signal-to-
noise ratio, as well as on whether the spectrum analyzer’s
receiver uses a logarithmic or a linear amplifier.

ANALYSIS AND EXPERIMENT

A simplified block diagram [2] for the IF-detector portion of a
typical spectrum analyzer is shown in Fig. 1. Either the log or
linear amplifier is selected, depending on whether the spectrum
analyzer is in the logarithmic or linear display mode, respec-
tively. The amplitudes displayed on the spectrum anpalyzer are
proportional to the output voltages of the low-pass filter. We are
interested in the output voltage for a signal plus noise compared
to that for noise alone and for the signal alone. To analyze this
measurement, we construct a conceptual model that includes
both a sinusoidal signal and a Gaussian noise source that is
band-limited by the IF (resolution) filter. The sinusoidal signal
has an amplitude A just before the envelope detector. The total
noise power at the same point has the value N, which includes
any noise generated in the spectrum analyzer. An experimental
realization of this model is depicted schematically in Fig. 2.
Below we derive the corrections for the linear and the logarith-
mic modes separately.

Linear Mode

For the Gaussian noise plus the signal of our model, it has
been shown [3] that the probability density of the envelope is

) e O ) [ s BG

where E is the envelope voltage and I,(EA /N) is the modified
Bessel function of the first kind and zeroth order. The output
voltage of the low-pass filter following the envelope detector, if
the cutoff frequency is low enough to remove all but the dc
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component, is the average value of the output voltage of the
envelope detector:

Ep(N,m) = j(;pr(E) dE
2

exp(—m)fowzzexp(— —m)lo(z)clz.

2

We have changed the variables on the right-hand side of (2),
using

A? 2m e

m=-——  z=3 — 3

2N N @)

to make the average envelope voltage E,, a function of the
noise power N and the signal-to-noise ratio m. The integration
can be performed by writing 7,(z) as an ascending series, so

that
k
1,
- \4 )

I(2)= X ~ 4)
K=o (k1)
Putting (4) into (2) and carrying out the integration, we get
_ N
Ey(N,m) = V N exp(—m)
® m k[1.3.5.....(2k+1)]
- (3) — . (%)
= (k)

If there is no signal, but rather only noise of average power N,

Elln(N’O) = \l ']'V'; . (6)

On the other hand, if there is no noise, but rather only a
sinusoidal signal of average power N, (5) becomes

— [N
lin Elm(-—,m) =y2N.
© m

" then (5) becomes

(M

Spectrum analyzers are calibrated to display the correct voltage
for a sinusoidal signal. However, by dividing (6) by (7), we see
that the ratio of the envelope voltage of noise to the envelope
voltage of a sinusoidal signal having the same average power is

‘/w 1.05 dB
4__ . .

Hence, as a result of envelope detection, the voltage of noise
alone as displayed on a spectrum analyzer operating in the
linear mode will be 1.05 dB lower than the true noise voltage.
The noise power per resolution bandwidth as displayed on a
spectrum analyzer must also be corrected (in both the linear and
logarithmic modes) to convert the power-transfer curve of the
resolution filter to that of an ideal rectangular filter. Both of
these corrections are discussed in greater detail elsewhere [2].

In contrast, the correction to be applied when both signal and
noise are present is described only briefly in [2]. Two ratios are
useful in discussing this correction. One is the ratio between 1)
the voltage displayed at the signal frequency in the presence of
both signal and noise to 2) the noise voltage displayed on the
spectrum analyzer with no signal applied (m = 0):

m—

®)
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Fig. 3. Effect of noise on the displayed signal voltage when a spectrum

analyzer is in linear display mode.

(displayed signal plus noise voltage)

snn

(displayed noise voltage)
* (myk[1-3-5- - - (2k +1)]
=exp(—m) Y. (—) i
K=o\ 2 (k1)*

The other useful ratio is that of 1) the displayed signal-plus-noise
voltage to 2) the displayed signal voltage with noise absent:

©)

(displayed signal plus noise voltage)

sns = (displayed signal voltage if noise is absent)

[T > ymy\R[1-3:5 -2k +1)]
_]/m exp(—m)kzz:o(g) (k!)z .
(10)

The displayed signal voltage with noise absent is also the true
signal voltage. Hence R, is the ratio of 1) the displayed voltage
at the signal frequency with noise present to 2) the true signal
voltage one would measure in absence of noise. Experimentally,
one can measure R, ., solve (9) for m, and then use that value
for m to find R .. The displayed signal-plus-noise voltage is
then divided by R, to give the true signal voltage. This proce-
dure is simplified by plotting R, versus R, ; this is done in
Fig. 3, where a logarithmic scale is used. Fig. 3 shows both the
theoretical curve, obtained by plotting Ry, versus R, and
measured data, obtained by using a Hewlett-Packard 8566B
spectrum analyzer in the experimental setup depicted in Fig. 2.
To use Fig. 3, first find the ratio of displayed signal plus noise
voltage to displayed noise voltage on the horizontal axis: the
corresponding value on the vertical axis is the correction factor,
which, when subtracted from the displayed signal-plus-noise
voltage, yields the true signal voltage.

For example, say one measures a noise voltage of 100 'V and
a signal-plus-noise voltage of 141 uV for a ratio of signal plus
noise to noise of 3 dB. Fig. 3 shows that the corresponding ratio
of displayed signal-plus-noise voltage to true signal voltage is
approximately 2.3 dB; hence, the true signal voltage is 2.3 dB
below the measured signal-plus-noise voltage, or 108 wV. Note
that this correction depends directly on the displayed noise
voltage, which itself is a function of the the true noise voltage,
the resolution bandwidth, and the shape of the resolution filter.
Therefore, to find the true signal voltage in the presence of
noise, one need not be concerned with the true noise voltage or
the characteristics of the resolution filter, but only with the
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displayed value of noise. Similarly, for the logarithmic mode
(discussed below), the correction depends directly on the dis-
played noise power, so one need not be concerned with the true
noise power or the characteristics of the resolution filter.

Logarithmic Mode

Note that the log amplifier shown in Fig.1 can not perform a
mathematical log operation on the input voltage, since the input
voltage can be negative. Rather, this amplifier is linear except
that gain is controlled such that the output amplitude is propor-
tional to the log of the input amplitude. For example, an input
sinusoidal signal of amplitude 4 will become a sinusoidal signal
of amplitude G(lnA4), where G is the gain constant. Hence the
envelope of the output of the log amplifier is equal to G(InE),
where E is the envelope of the input signal. Equation (2) is
therefore modified for this case because instead of averaging the
envelope of the input signal, we must average the log of the
envelope of the input signal; thus,

_ w G
Ep(N,m)= Gfo (InE)p(E)dE = 5— exp(~m)

© 1 N z?
.fo(znz+§1n%)zexp 7 I(z)dz (11)

m

Note that the same result would be obtained if in Fig. 1 the log
amplifier preceeding the envelope detector were removed and
replaced with an amplifier that performs the mathematical log
operation following the envelope detector. Since we are using
the natural logarithm in (11), the constant G must be 8.68 to
give a display in decibels. The integration in (11) can be per-
formed by using the ascending series of (4) to arrive at

- G
E\ (N, m)= —2—(ln 2N~y +exp(—m)

* mk( 1

Y 1 ! ! 12
. J— +_+_+..+_
= k! 23 k) (12)

where y = 0.577216...is Euler’s constant.

Using (12) for the log mode, we can find the ratio that
corresponds to (8) for the linear mode. That is, the ratio of the
displayed noise power to the displayed signal power for equal
average power is 2/Gy=—2.507 dB. Note that (12) is in
decibels, so it is convenient to find the ratio in dB. Since a
spectrum analyzer is calibrated to read the correct power for a
sinusoidal signal, log amplification and envelope detection thus
cause the average power of noise alone (as displayed on a
spectrum analyzer operating in the logarithmic mode) to be
2.507 dB lower than the true noise power. This correction is
described in greater detail elsewhere [2].

Also using (12) for the log mode, we can find the ratios that
correspond to R, and R, for the linear mode. In the log
mode the ratio corresponding to R, is

(displayed signal plus noise voltage)
pSHH =

(displayed noise voltage)

G i mF . 1 1 1 5
- — _ + -+ — e 4 —
g o(om) 2 gritrgege k) (13)
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Fig. 4. Effect of noise on the displayed signal power when a spectrum

analyzer is in logarithmic display mode.

Similarly, the ratio for the log mode corresponding to R, is

(displayed signal plus noise voltage)

Psns = (displayed signal voltage if noise is absent)

G
=5 —Inm—y+exp(—m)

*  m¥ . 1 1 1 1
‘ — 1+t =F+ =]}
,E‘l k!( 2 3 k) (14)

A plot of pg, versus pg,, is given in Fig. 4, along with measured
data obtained on a Hewlett-Packard 8566B spectrum analyzer in
the setup depicted in Fig. 2. As we did with Fig. 3 for the linear
mode, we can use Fig. 4 for the logarithmic mode, as follows.
First, find the measured ratio of displayed signal plus noise to
displayed noise on the horizontal axis; the corresponding value
on the vertical axis is the correction factor, which, when sub-
tracted from the displayed signal-plus-noise power, yields the
true signal power. For example, say one measures a noise power
of —63 dBm and a signal-plus-noise power of —60 dBm for a
ratio of signal plus noise to noise of 3 dB. Fig. 4 shows that the
corresponding ratio of displayed signal-plus-noise power to true
signal power is approximately 1.25 dB; hence the true signal
voltage is 1.25 dB below the measured signal-plus-noise voltage,
or —61.25 dBm.

CONCLUSION

A spectrum analyzer does not measure true power, but rather
only the envelope of the voltage in the linear mode, or the log of
the envelope of the voltage in the log mode. The corrections to
be applied to arrive at the true signal power when noise is
present are derived above. The corrections are shown graphi-
cally in Fig. 3 for the linear mode, and in Fig. 4 for the log
mode. To use these graphs one finds the ratio of displayed
signal plus noise to displayed noise on the horizontal scale; then
the corresponding value on the vertical scale is the number of
dB one must subtract from the displayed signal plus noise to
arrive at the true signal level.
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Synthesis of Schiffman Phase Shifters

José Luis Ramos Quirarte and J. Piotr Starski

Abstract —The Schiffman phase shifter is a very useful passive com-
ponent. In this paper equations to determine its phase deviation and
maximum bandwidth when the coupling coefficient is known are pre-
sented. Eqnations are given also to determine the coupling coefficient for
a desired bandwidth or maximum phase deviation.

Keywords —Phase shifters; Schiffman sections; coupled transmission
lines.

I. InTRODUCTION

The Schiffman phase shifter [1]-[5] is a broadband differential
phase shifter where the phase shift A¢, is obtained as a subtrac-
tion of the phase response of a coupled section with adjacent
ports interconnected [6] and the phase response of a uniform
line. i.e.:

(1)

p—tan®8
A¢p =K —cos™?

p +tan@

where @ is the electrical length of the coupled section and p is

its impedance ratio defined as

_ Z,
Zy,

p (2)

Zgy. and Z;, are the even and odd mode impedances of the
coupled section respectively. The input impedance Z,;, of the
coupled section is matched at all frequencies and is given by

Zy= VZOeZOO . (3)

The coupling C, and the impedance ratio are related by [2], [7]:

p—1
C=—2010gp+1 4
or
1+10-¢/%
Pe 1m0 )
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