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100-GHz Cooled Amplifier Residual PM and
AM Noise Measurements, Noise Figure,

and Jitter Calculations
David A. Howe and Jeffery R. Ostrick

Abstract—We report the first definitive PM and AM noise mea-
surements at 100 GHz of indium phosphide (InP) amplifiers oper-
ating at 5 K, 77 K, and room temperature. Amplifier gain ranged
from+7 to+30 dB, depending on input RF power levels and op-
erating bias current and gate voltages. The measurement system,
calibration procedure, and amplifier configuration are described
along with strategies for reducing the measurement system noise
floor in order to accurately make these measurements. We com-
pute amplifier noise figure with an ideal oscillator signal applied
and, based on the PM noise measurements, obtain NF = 0 8 dB,
or a noise temperature of 59 K. Measurement uncertainty is esti-
mated at 0.3 dB. Results show that the use of the amplifier with
an ideal 100-GHz reference oscillator would set a lower limit on
rms clock jitter of 44.2 fs in a 20-ps sampling interval if the power
into the amplifier were 31.6 dBm. For comparison, clock jitter is
16 fs with a commercial room-temperature amplifier operating in
saturation with an input power of 6.4 dBm.

Index Terms—AM noise, amplifier noise, jitter, noise figure,
noise measurement, 100 GHz, phase modulation noise, spectral
analysis.

I. INTRODUCTION

ACONVENIENT reference (or clock) frequency for
emerging digital signal-processing applications is

100 GHz. As a result, the Time and Frequency Metrology
Group, National Institute of Standards and Technology (NIST),
Boulder, CO, has engaged in a program designed to characterize
the components that play critical roles in various applications.
For example, reference-oscillator noise sets a basic limit on
many system performance criteria including jitter, bit error rate,
sensitivity, resolution, and dynamic range of these high-speed
digital and signal-processing systems [1]. While some work has
been done in predicting the PM and AM noise of oscillators, there
are few relevant data on the residual noise introduced by one key
component, i.e., the amplifier. At frequencies below 40 GHz,
there are various suitable characterization techniques [2]–[4],
while at -band frequencies (75–110 GHz), characterization
techniques are often inconsistent, subject to inaccuracies, or
invalid due to high measurement noise [5], [6]. These amplifiers
are needed not only to deliver reference clock signals, but they
are also a necessary component in very wide-band communica-
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tions systems, measurements of the temperature and constituents
of the atmosphere, surveillance radars, and both ground-based
and spaceborne radio astronomy. Additionally, superconducting
electronics based on Josephson junction circuits operating at the
100-GHz range intrinsically have low power and will require am-
plification with low jitter in order to utilize the low phase noise
characteristics of the Josephson junction. Amplifiers cooled
to cryogenic temperatures have provided a method to achieve
desired sensitivities [7] and match well with the requirements
of superconducting electronics.

We report measurements of the PM and AM noise of var-
ious -band amplifiers at room temperature (RT), and the
first measurements on an InP amplifier arranged to operate at
77 and 5 K [7]. In addition, this paper discusses strategies for
making state-of-the-art noise measurements at -band [8]. Sec-
tion II defines the rationale for using the so-called dual-channel
cross-correlation measurement technique. Section III describes
the apparatus, including a calibrated AM/PM modulator.
Sections IV–VI explain how PM and AM cross-correlation mea-
surements are made using the apparatus. Section VII presents
PM and AM noise measurements, and Section VIII shows the
computation of the noise figure (NF) of the cooled 100-GHz InP
amplifier based on measurements described in Section VII.
Section IX computes the consequent jitter performance.

II. MOTIVATION FOR DUAL-CHANNEL

CROSS-CORRELATION MEASUREMENTS

This writing assumes that the reader has some familiarity with
the subject of PM and AM noise measurements on an otherwise
ideal oscillating signal. For AM noise measurements, the AM
level is typically measured using a circuit that rectifies an os-
cillating carrier signal and produces the absolute value of the
signal, essentially converting ac to dc. This rectified output is
filtered to separate AM noise modulation from the normal car-
rier and other high-order signals [2], [3].

The most straightforward measurement of PM noise is made
by analyzing residual phase fluctuations through the amplifier
under test relative to its input phase using a phase discrimi-
nator. By having the output and input signals at relative phase
quadrature, phase fluctuations through the amplifier will ap-
pear as voltage fluctuations out of the mixer, and these voltage
fluctuations can be analyzed by a conventional spectrum ana-
lyzer [9]–[12]. More complicated arrangements using hetero-
dyne schemes that down-convert phase fluctuations in interme-
diate stages can provide marginal improvements, but these mea-
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Fig. 1. In the left-hand-side photograph, the dual-channel W -band measurement system is shown. The schematic is shown in Fig. 2. In the right-hand-side
photograph, one sees the connection to the cooled amplifier under test inside the Dewar. Low-noise battery supplies and meters are shown in the background.

surement schemes can be noisier and more difficult to calibrate
and characterize.

An inherent assumption in the typical phase-noise-measure-
ment process is that the noise of the reference oscillator and
the components used in the phase detection, particularly the
mixer and perhaps an amplifier, are significantly lower than the
noise introduced by the amplifier under test. This assumption
breaks down in the case of precise measurements of low-tem-
perature low-phase-noise devices, especially at -band where
measurement-system noise exceeds that of the device-under-test
(DUT). For example at -band, the (or “flicker”) noise in
a phase-noise detector’s mixer, amplifier (if one is necessary),
and any isolators will often be greater than the noise in the am-
plifiers to be tested, particularly if the amplifier is operating at
very low temperature. If a harmonic mixer must be used, there is
an additional problem of high conversion loss in the up-conver-
sion to -band, as well as the introduction of spurious signals.
Even getting up to and maintaining desirable signal levels of
over 10 dBm for mixer inputs can be a problem in the measure-
ment system because of the simple matter of high waveguide at-
tenuation due to hookup tolerances and mechanical distortions
(waveguide size is usually WR-10). Due to all these factors, it
is desirable to use the dual-channel or the so-called cross-corre-
lation technique [13] for making these noise measurements.

III. MEASUREMENT TEST SET

Our approach to PM and AM noise measurements is based on
existing state-of-the-art cross-correlation noise-measurement
techniques. The measurement system can switch between two
phase-noise and two amplitude-noise detectors whose outputs
are analyzed with a cross-correlation spectrum analyzer, as
previously mentioned. The approach, widely regarded as the
best measurement approach at lower frequencies, has some
new problems in the -band frequency range. For example,
a new -band PM/AM modulator had to be constructed to
calibrate or normalize the raw measurements. Furthermore,
an important factor of concern for -band is compactness.
While -band systems can be built with a great deal of flex-
ibility to accommodate a variety of component form factors
and dimensional changes thanks to the use of coaxial cables,

-band systems do not have the same flexibility. Using
WR-10 waveguide components, long or contorted signal paths
become detrimental to phase matching and attenuate signals
significantly. Furthermore, some specialized components that
are needed at -band are awkward and bulky, especially for
making connections to a cryogenic system. Consequently, the
hardware of the system’s two channels of phase and amplitude
detection has obvious physical considerations. The left-hand
side of Fig. 1 shows a photograph of the arrangement of the
AM/PM noise measurement system, and the right-hand side
shows the waveguide hookup to the Dewar, which contains the
InP amplifier.

IV. CROSS-CORRELATION PM NOISE MEASUREMENT

The measurement of PM noise at 100 GHz is made by two
nearly identical phase bridges whose phase deviations are
analyzed simultaneously using a cross-spectrum analyzer. The
phase bridges are shown in Fig. 2 with channel 1 above and
channel 2 below.

In this technique, the voltage fluctuations out of the mixers
of two separate phase bridges operating at 100 GHz are fed
to the two inputs of a dual-channel dynamic signal ana-
lyzer. Each channel computes

, where FT is a Fourier-transform operator.
Thus, in the cross-correlation output between the two channels,
only the is observed because the uncorrelated
terms due to the measurement system components approaches
zero as , where is an average of the number of
complete blocks of data that undergo Fourier transforms, down
to the limit of the uncertainty on the uncorrelated noise. In order
to make measurements with a low enough measurement-system
noise floor and with a modest accuracy goal of 1 dB, use
of the cross-correlation method and of an accurate calibration
procedure are essential. The correlated spectrum, here being
the PM noise of a DUT such as an amplifier, is extracted;
uncorrelated noise from components in each bridge averages
down, thus lowering the measurement system’s noise floor and
enhancing the precision of the estimate of PM noise.

As discussed, a pair of phase-sensitive detectors operate si-
multaneously. One input to the pair is the amplifier plus source
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Fig. 2. Residual PM noise of an amplifier (DUT) is measured with the configuration shown. Mixer, isolator, and measurement-system amplifier noise in the top
PM detectors are uncorrelated with respect to the bottom detectors. The PM noise of the 100-GHz oscillator signal is suppressed since it appears equally at both
inputs to the mixers. Cascade amplifier helps overcome mixer noise.

oscillator, and the other input to the pair is just the source oscil-
lator. In practice, a high degree of mechanical symmetry must
exist between the phase bridges, one above and one below, as
shown by Fig. 2. By laying out components so that the delays
in each channel are identical, correlated noise plus signals are
closely matched in phase at each bridge’s mixer (PM detectors).
By adjusting the delay from each signal source, for example,
when one source includes an amplifier or other DUT, then the
PM noise of the 100-GHz driving reference source (a 100-GHz
cavity-stabilized Gunn diode oscillator) cancels to a high de-
gree. Both of these factors are important in exploiting the bene-
fits of the cross-correlation technique to ultimately measure the
noise introduced by the amplifier as if driven by a perfect
“noiseless” 100-GHz reference oscillator.

We installed two 90–105-GHz amplifiers with gains of
10 dB to increase the input sensitivity of the cross-correlation

measurement system. Their additive noises are uncorrelated
and, thus, will effectively decrease the measurement system
noise floor with the increase of sensitivity by approximately
the same 10 dB. As will be seen later, these amplifiers are
essential for amplifier noise measurements, especially for
measurements of a DUT operating at low temperatures.

We also found that signal isolators were needed in several
places to reduce correlated noise between the mixers. One
would not imagine that isolators would be needed in so many
lines because the mixers are driven from a common oscillator,
but we found that correlated noise in the mixers actually domi-
nates the suppressed noise of the oscillator (suppressed because
its noise appears equally at both mixer ports, as discussed
above).

Fig. 3. Parallel AM detectors are connected to each channel of a cross-
correlation analyzer. The configuration shown in Fig. 2 is altered to conform to
this arrangement for measurement of AM amplifier noise.

V. CROSS-CORRELATION AM NOISE MEASUREMENT

By feeding the signal under test into two AM detectors that
are operating in parallel, one obtains two voltages and

whose rms values are proportional to AM level for a data
run in seconds. Each detector has intrinsic noise that is uncor-
related relative to the other detector. We extract a measurement
of the cross-power spectral-density feature of a two-channel dy-
namic signal analyzer in order that uncorrelated noise is aver-
aged down, as discussed earlier.

Fig. 3 shows a diagram of the arrangement for the parallel AM
detectors. We note that the AM noise floor is determined by the
residual AM noise of the 100-GHz source oscillator. Measure-
ment of the device’s PM noise differs from that of the device’s
AM noise in that the PM noise of the source oscillator cancels
to a high degree. There is no way to suppress the AM noise of
the 100-GHz reference oscillator in this measurement system;
however, we find that the AM noise of the reference oscillator
is substantially below the AM noise of the amplifiers under test.
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Fig. 4. Modulator introduces a fixed level of pure PM or AM modulation for
measurement system calibration over the range of frequencies swept by the
function generator. The mixer is operated in saturation.

VI. PM AND AM MODULATOR

A key requirement for high-accuracy noise measurements is
to calibrate the dual measurement channels in situ using precise
PM and AM modulation. Fig. 4 shows a diagram and photo-
graph of the modulator used to calibrate the sensitivity of the
PM and AM measurement test set. While this modulator has
been described and successfully used at lower frequencies [12],
a key challenge here has been to translate the technique to a
modulator at 100 GHz. The important property of this modu-
lator is that it introduces pure PM or AM modulation into the
measurement system at a variety of offset Fourier frequencies
and at a known level [14].1 Cross-guide directional couplers are
used for compactness, along with isolators at both the input and
output.

VII. PM AND AM NOISE MEASUREMENTS OF

100-GHz AMPLIFIER

Two 100-GHz InP amplifiers with monolithic microwave in-
tegrated circuits (MMICs) developed by Northrup Grumman
Space Technology (NGST), Redondo Beach, CA, and packaged
by the Jet Propulsion Laboratory, Pasadena, CA [7], have been
measured using the 100-GHz noise measurement system. One
of the amplifiers was mounted in a cryogenic system, illustrated
in Fig. 1, with input and output waveguides penetrating the walls
of the Dewar. The input stainless-steel waveguide has an attenu-
ation of 4.5 dB, while the output Au-plated stainless-steel wave-
guide has an attenuation of 0.6 dB. The cryogenic amplifier has
a Millitech WBI Series wide-band isolator in front of it, and
all measurements of the cryogenic amplifier considered the am-
plifier and isolator as a single unit. The amplifier, other than
the cryogenic amplifier, shall be referred to as the RT amplifier.
Fig. 5 shows the amplifier output RF power and gain depending
on input RF power for both the cryogenic and RT amplifier.

Fig. 6 shows the PM and AM noise measurements of the
100-GHz InP amplifiers and the noise floor measurements of
the NIST 100-GHz measurement system. A flicker PM (FLPM)

slope is shown at the bottom for reference. Ignoring the
“Flicker PM Slope” line, the lower three plots are, in descending

1Details of the calibrator are covered under NIST U.S. Patent 4 968 908, is-
sued November 6, 1990, “Method and Apparatus for Wide Band Phase Modula-
tion,” and U.S. Patent 5 101 506 issued March 31, 1992, “Frequency Calibration
Standard using a Wide Band Phase Modulator.”

order: 1) PM noise floor with the amplifier removed and re-
placed by a waveguide connection; 2) AM noise of the RT am-
plifier; and 3) the amplifier-removed AM measurement noise
floor. In all cases, the AM noise was significantly below the PM
noise of the amplifiers. It exhibited a dependence, achieving
a white AM noise level of 155 dBc/Hz at a corner frequency
of 100 kHz.

Ground loops were eliminated by floating battery supplies
and by using a single-point ground near the amplifier. Battery
supply wires were over 1-m long, and stray electromagnetic
noise picked up was significant. Even with considerable noise
bypassing at the amplifier, we believe the limit of the AM noise
performance is related to supply-voltage pickup and not the am-
plifier itself.

On the other hand, the PM noise is significantly higher and
does not have the same AM profile. Stray signal pickup was
low enough in measurements of PM noise that we believe the
noise shown in Fig. 6 is inherent to the amplifier under test. The

slope indicates an FLPM noise type. Close to the carrier
(at Fourier frequencies from equals 1 Hz to tens of kilohertz),
the noise from amplifiers is not “flat” (that is, not white), but is
characterized by flicker noise behavior, which typically follows
a dependence. Basically, the inherent near-dc noise of the
amplifiers, which is always flicker noise, will be up-converted
and projected onto the pure carrier signal being amplified.

For example, the RT amplifier showed the characteristic
FLPM noise dependence. The RT amplifier had an input power
of 6.4 dBm, which places the amplifier in full saturation.
There were no regions of , or white PM (WHPM) noise,
which will be discussed later, while white AM noise was
observed from 0.1 to 10 MHz.

In the cooled measurements, we found that within the mea-
surement uncertainty, the noise measurements on the 100-GHz
amplifier at 5 K were not substantially different from results at
77 K, meaning within measurement repeatability. Consequently,
most tests were done at the more convenient temperature of
77 K. Measurements at 5 K were used to verify that there was
no substantial change in the measurements reported here.

The PM noise of the amplifier used in our low-temperature
tests showed a dramatic dependence on the amplifier’s input
power. In Fig. 6, one sees that at low input power ( 51.4 dBm),
the PM noise corresponds to from 20 Hz to 1 kHz and
reaches broad-band WHPM above 1-kHz frequency
offset. As the input power increases nearly 10 dB (from

51.4 to 41.6 dBm), the PM noise changes to an FLPM
with a behavior. Consequently, the WHPM noise level
is reached at a corner frequency that increases from 1 kHz to
10 MHz for only a 10-dB increase in the amplifier’s input power
(from 51.4 to 41.4 dBm). This indicates substantial ampli-
fier nonlinearity in gain (distortion) and probably accounts for
why WHPM noise was not observed in the RT amplifier. With
the input power being so high ( dBm), FLPM noise
predominated everywhere below MHz, which is the
high-frequency limit of our dual-channel analyzer.

For two of the PM noise measurements on the cryogenic am-
plifier, a Quinstar QPN-1A10SZ medium power amplifier with
a gain of 15 dB at RT was cascaded with the cryogenic ampli-
fier to increase the signal level and overcome the noise of the
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Fig. 5. Output RF power and gain of the two 100-GHz InP amplifiers. The cryogenic amplifier cooled to 77 K has both gates biased at�0.223 V and drain biased
at 1.55 V @ 25.2 mA. The RT amplifier at 300 K has both gates biased at �0.240 V and drain biased at 1.00 V @ 33.9 mA.

Fig. 6. Top four plots are the measured PM noise of the InP amplifiers at various input powers and temperatures. Note that the predominant noise type is FLPM,
except for the lowest input power case of P = �51:4 dBm, where the broad-band WHPM noise is readily measurable. The averages of these WHPM values
were used to compute the NF. The fifth plot down is the system PM noise floor. The AM noise and noise floor are, respectively, indicated by the two bottom plots.
The gaps are regions where pickup of spectral lines occurred. FLPM (f ) slope is shown at the bottom for reference.

measurement-system mixers. Since the cryogenic amplifier had
high gain, the noise contribution from the second-stage Quinstar
amplifier was minimal. At 77 K, with an input power level of

41.6 dBm, the PM noise level of the cryogenic amplifier was
measured with and without the Quinstar amplifier in cascade.

These two measurements were not significantly different. The
second plot from the top of Fig. 6 represents their average.

The cryogenic amplifier, with an input power level of
51.4 dBm at 77 K, represents a separate PM noise mea-

surement with the Quinstar amplifier in cascade. At this low
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input power, the use of a second-stage medium power amplifier
in this PM measurements is essential to the measurement of
the PM broad-band white-noise levels of the input amplifier
contained in the Dewar.

VIII. NF CALCULATION

While NF is a common amplifier specification, it is mean-
ingful only at offset frequencies where phase noise is white;
sometimes this means at frequencies more than 10% above and
below the carrier frequency itself. In these frequency regions,
Josephson junction-based oscillators (JJOs) theoretically expect
to have low phase noise [15], [16]. Since the JJOs are intrinsi-
cally low-power technology, the NF may be utilized to deter-
mine the necessary JJO power level while maintaining the low
phase noise of the JJO. A central point is that, in the presence of
signals, the noise level and, hence, the NF, is no longer constant
(this is indicative of a white noise). In fact, the noise level in-
creases as decreases, as shown in Fig. 6. This increase is at a
rate of at least , the “flicker” behavior previously mentioned,
which often dominates significantly over the white noise level
given by the NF measured in the absence of an actual signal
through the amplifier. Furthermore, the flicker noise level de-
pends on the amplifier’s linearity and input power. Due to this
signal-induced rise in amplifier noise, many systems can be se-
riously compromised and not achieve performance that is pre-
dicted from the no-signal NF.

As mentioned earlier, the inherent near-dc noise of an am-
plifier, which is always flicker noise, is up-converted, and pro-
jected onto the signal being amplified [17]–[21]. This ampli-
fier behavior significantly limits the performance of low-noise
spectrally pure oscillators designed as reference clocks for RF
and digital systems. Consequently, amplifier merit is often better
characterized by a PM noise measurements than by NF mea-
surements.

We will now compute the NF based on PM measurements
in Section VII. To derive the formula for such a computation,
we start from the definition of the RF power spectrum of an
oscillator’s signal. For the moment, it is convenient to express
this in terms of voltage rather than power so as to avoid the
need for carrying the value of the load resistance (50 ). This
is changed in the final formula. The phase noise part of the RF
spectrum does not entail a “power” measurement in any case,
and the introduction of resistance “R” for determining thermal
noise level becomes less confusing. We can write

where is the rms voltage level of the carrier,
is the power spectral density of the voltage

noise at frequency is the carrier frequency, and
is the offset or Fourier frequency. Since the random RF noise
is distributed equally between amplitude and phase modulation
noise (equally AM and PM noise), the PSD of just the PM noise,
denoted as in units of rad /Hz is half of . Using
the definition [3], [4], one obtains

Fig. 7. Equivalent input circuit showing the thermal noise generator with
a source resistance of 50 
 and terminated into the amplifier’s input (load)
resistance, which is also 50 
. Note that the thermal noise voltage is divided
in half at the amplifier’s input.

TABLE I
JITTER VALUES FOR VARIOUS LEVELS AND TYPES OF NOISE. IN ALL CASES,
THE BANDWIDTH IS 50 GHz AND � IS EQUAL TO 20 ps, SO THE LAST THREE

COLUMNS ARE TWO-PERIOD JITTER VALUES

Referring to Fig. 7, the expected voltage noise of the oscil-
lator’s source resistance of 50 is , where Boltz-
mann’s constant J/K, is in degrees Kelvin,
R is resistance in , and is the bandwidth. The voltage noise
appearing across the load resistance at the input of the ampli-
fier under test is half of this source noise, or , as
shown in Fig. 7. With Hz, the voltage noise is .
Thus, can be regarded as the power spectral density

, where is any frequency. . Substituting kTR into
the expression for above gives

expressed in units of dBc/Hz is obtained here by
computing . For

dBc/Hz. Since 1 V (rms) into 50 corresponds to a
power level of 13 dBm, dBc/Hz, referenced to
0 dBm.

Using 0 dBm as the reference level, the room-temperature
thermal-noise power relative to the signal power is simply

dBm , where is the signal power in dBm. The
NF is the ratio (in decibel units) of excess noise to thermal-noise
power and the final formula (in terms of PM noise) is

This is the wide-band PM noise floor of an amplifier. The offset
frequency must be high enough to produce the amplifier’s
characteristic wide-band noise level at its output, yet not so high
that an accurate cross-correlation measurement is not obtained,
e.g., due to system rolloff or operation in an extreme range of
the fast Fourier transform (FFT) analyzer.

The formula above permits calculation of the NF from an
plot by estimating the constant broad-band PM noise level

and . This constant WHPM noise is readily apparent only in
the fourth measurement (from the top) in Fig. 6. No WHPM
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Fig. 8. Composite jitter at various input power levels, as indicated in Table I. RT is the RT amplifier.

level was observed at a power input of 41.6 dBm, as shown
in the top two plots in Fig. 6. To reduce the power meter un-
certainty when determining , we have determined the power
at the input to the amplifier inside the Dewar by measuring the
power at the signal source and then separately measuring the
total waveguide attenuation. A valid WHPM noise level was ob-
served only at an input power of 51.4 dBm. We assumed that
there was no variation in attenuation for the short stainless-steel
segment of waveguide in the Dewar.

For the cooled InP amplifier, we calculate an average
WHPM level of 124.8 dBc/Hz for 1 kHz kHz. For

kHz, this PM noise measurement was subject to
spurious broad-band pickup of unknown origin so we have
regarded this range as having more uncertainty than the range
from 1 to 20 kHz. Based on the incident power to the amplifier,
we compute the amplifier’s NF to be 0.8 dB, which corresponds
to a noise temperature of 59 K, or somewhat worse than the
30-K NF measurement made on the best of 17 amplifiers
measured by Weinreb et al. [7]. The 30-K value is in reasonable
agreement if we take into account measurement uncertainty.

IX. JITTER CALCULATION

We can estimate the level of the jitter introduced by the InP
amplifier at 100 GHz based on the PM measurements here using
the tables given in [1] and later refined in [22]. These tables pro-
vide an accurate estimate of what would be observed as the clock-
signal rms jitter using a conventional oscilloscope or jitter an-
alyzer, which measures this characteristic using an “eye” dis-
play. An advantage to the technique of transforming PM noise is
that there are neither trigger errors, nor time-base distortions nor-
mally associated with an oscilloscope or analyzer [23], [24]. Our
goal is to find the baseline, or best attainable, performance for
those electronic systems using a clock signal as a reference. To
be conveniently usable, that reference usually must include the
noise of high-performance amplifiers of the type reported here.

To recap, we assume that there exists an ideal noiseless
100-GHz oscillator that is the source signal for the amplifiers
under test. The measurements shown in Fig. 6 presume this so
it is a matter of mapping the functions from the domain
to jitter , where is some sample interval of the 100-GHz
oscillating signal. On an oscilloscope or analyzer, would be
an integer number of periods of clock cycles. From the mea-
surements at dBm, random-walk PM (RWPM) is

given by 10 (corresponding, e.g., to 109 dBc/Hz at
Hz) and WHPM is given by 10 ( 125 dBc/Hz at

kHz). We can write a two-function summation of these
as

At 100 GHz, a two-period, or two-cycle, interval (the shortest
interval using tables in [1] and [22]) corresponds to 20 ps. There-
fore, the rms jitter is the sample standard deviation using a mean
value obtained from the sample itself of nominally 20 ps. The
equivalent oscilloscope for a measurement such as this would
be one with a flat frequency response from 50 to 150 GHz when
two clock cycles are displayed. The top row of Table I displays
the results of transforming each of these functions to a two-pe-
riod jitter level and obtaining 283 fs, mainly dominated by the
WHPM level. At dBm, the two-period jitter for the
InP amplifier is 91.1 fs. We note that FLPM now dominates over
the RWPM observed earlier. Above this power input and below
saturation, we also find that with a 10-dB increase in , there is
approximately a 20-dBc/Hz increase in this FLPM noise, while
there is a 10-dBc/Hz decrease in WHPM noise. Based on this,
the projected jitter for dBm is 44.2 fs. For com-
parison, the bottom row is a measurement on the RT amplifier
with dBm and operating a few decibels into satura-
tion. Here, the FLPM level is actually less, as shown in Fig. 5,
and the WHPM level of 150 dBc/Hz is assumed at an offset
frequency beyond 10 MHz, and was the lowest obtainable level
of WHPM in any case. The total computed jitter is 16 fs of the
RT amplifier at this input power. Fig. 8 plots the jitter based on
the levels and types of noise indicated in Table I.

X. SUMMARY

We have constructed a dual-channel (cross-correlation) noise
measurement system and used it to measure the PM and AM
noise of 100-GHz InP amplifiers operating at both RT and
cooled to 77 K. Within measurement uncertainty, there was no
notable difference between measurements taken at 5 and 77 K.
At moderate input power, the PM noise of these amplifiers
shows or FLPM dependence and, at the lowest input
power, shows or RWPM dependence. The noise level
depends dramatically on the power into the amplifier and has a
large effect on the corner frequency at which flicker or RWPM
noise becomes WHPM noise. The corner frequency changed
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from 1 kHz to 10 MHz for only a 10-dB increase in input
power. This indicates significant nonlinearity in the amplifier.

We derived a formula for computing the NF from PM noise
measurements and used it to estimate the NF. The 77-K InP
amplifier’s NF, based on an input power of 51.4 dBm, was
0.8 dB using a WHPM noise level of 124.8 dBc/Hz. The total
NF measurement error is estimated to be 0.3 dB.

At cryogenic temperatures, the rms jitter due to the ampli-
fier based on residual PM noise measurements was 44.2 fs in a
20-ps interval at an input power of 31.6 dBm, which operates
the amplifier in an unsaturated region. For comparison, jitter ob-
tained from an amplifier operating at RT and in saturation was
16 fs in a 20-ps interval with an input power of 6.4 dBm.

ACKNOWLEDGMENT

The authors gratefully acknowledge the help of F. Walls,
Total Frequency, Boulder, CO, for providing first principles in
the derivation of NF, and T. Tasset, University of Colorado at
Boulder, for deriving the values of rms jitter given in Table I.

REFERENCES

[1] D. A. Howe, “Measuring clock jitter at 100 GHz from PM noise mea-
surements,” in Proc. 59th Automatic RF Techniques Group, Microwave
Measurements Conf., June 2002, pp. 13–22.

[2] E. S. Ferre-Pikal et al., IEEE 1139-1999: Standard Definitions
of Physical Quantities for Fundamental Frequency and Time
Metrology—Random Instabilities. New York: IEEE, 1999.

[3] D. B. Sullivan, D. W. Allan, D. A. Howe, and F. L. Walls, Eds., “Char-
acterization of clocks and oscillators,” NIST, Boulder, CO, Tech. Note
1337, Sec. A-6, Mar. 1990.

[4] D. W. Allan, H. Hellwig, P. Kartaschoff, J. Vanier, J. Vig, G. M. R. Win-
kler, and N. Yannoni, “Standard terminology for fundamental frequency
and time metrology,” in Proc. 42nd Annu. Frequency Control Symp.,
IEEE Cat. 88CH2588-2, 1988, pp. 419–425.

[5] E. S. Roseblum, “Atmosphere absorption of 10–400 KMQS radiation:
Summary and biography up to 1961,” Microwave J., vol. 4, pp. 91–96,
Mar. 1961.

[6] B. Bhat and S. K. Koul, “Introduction to millimeter-wave circuits,”
in Analysis, Design, and Applications of Fin Lines. Norwood, MA:
Artech House, 1987, ch. 1.

[7] S. Weinreb, R. Lai, N. Erickson, T. Gaier, and J. Wielgus, “W -band InP
wide-band MMIC LNA with 30 K noise temperature,” in IEEE MTT-S
Int. Microwave Symp. Dig., vol. 1, 1999, pp. 101–104.

[8] D. A. Howe, C. Nelson, F. L. Walls, J. F. Nava, A. Hati, and A. S. Gupta,
“A 100 GHz AM and PM noise measurement system: Preliminary de-
sign and performance,” in Proc. IEEE Int. Frequency Control Symp.,
May 2002, pp. 690–698.

[9] D. A. Howe, D. W. Allan, and J. A. Barnes, “Properties of signal
sources and measurement methods,” in Proc. 35th Annu. Frequency
Control Symp., 1981, pp. A1–A47.

[10] F. L. Walls, A. J. D. Clements, C. M. Felton, and T. D. Martin, “Accuracy
model for phase noise measurements,” in Proc. 21st Annu. Precise Time
and Time Interval Planning Meeting, Redondo Beach, CA, Nov. 28–30,
1989, pp. 295–310.

[11] F. L. Walls, A. J. D. Clements, C. M. Felton, M. A. Lombardi, and
M. D. Vanek, “Extending the range and accuracy of phase noise mea-
surements,” in Proc. 42nd Annu. Frequency Control Symp., IEEE Cat.
88CH2588-2, 1988, pp. 432–441.

[12] F. L. Walls, A. J. D. Clements, C. M. Felton, and T. D. Martin, “Precision
phase noise metrology,” in Proc. Nat. Conf. Standards Laboratory, 1991,
pp. 257–275.

[13] W. F. Walls, “Cross-correlation phase noise measurements,” in Proc.
IEEE Frequency Control Symp., 1992, pp. 257–261.

[14] F. L. Walls, C. M. Felton, A. J. D. Clements, and T. D. Martin, “Accu-
racy model for phase noise measurements,” in Proc. 21st Annu. Precise
Time and Time Interval Planning Meeting, Redondo Beach, CA, Nov.
30–Dec. 1 1990, pp. 295–310.

[15] V. P. Koshelets et al., “Superfine resonant structures on IVC of
long Josephson junctions and its influence on flux flow oscillator
linewidth,” IEEE Trans. Appl. Superconduct., vol. 11, pp. 1211–124,
Jan. 2001.

[16] K. K. Likharev, Dynamics of Josephson Junctions and Cir-
cuits. Philadelphia, PA: Gordon and Breach, 1986, pp. 447–468.

[17] A. Hati, D. A. Howe, D. Walker, and F. L. Walls, “Noise figure vs. PM
noise measurements: A study at microwave frequencies,” in Proc. IEEE
Int. Frequency Control Symp., May 2003, pp. 516–520.

[18] S. Barua, A. M. Van Slyke, and E. S. Ferre-Pikal, “Phase noise in hetero-
junction field effect transistor amplifiers,” in Proc. IEEE Int. Frequency
Control Symp., May 2002, pp. 710–714.

[19] S. C. Peacock, M. A. Stauffer, A. M. Van Slyke, and E. S. Ferre-Pikal,
“Study of flicker phase modulation and amplitude modulation noise in
field effect transistor amplifiers,” in Proc. IEEE Int. Frequency Control
Symp., June 2001, pp. 200–204.

[20] S. Galliou, M. Mourey, and J. J. Besson, “Comparison of the effects of
intermodulation and amplitude to phase conversion in a transistor stage
upon the oscillator phase noise,” in Proc. IEEE Int. Frequency Control
Symp., May 1998, pp. 172–177.

[21] F. L. Walls, E. S. Ferre-Pikal, and S. R. Jefferts, “The origin of 1=f PM
and AM noise in bipolar junction transistor amplifiers,” in Proc. IEEE
Int. Frequency Control Symp., May 1995, pp. 294–304.

[22] D. A. Howe and T. N. Tasset, “Clock jitter estimation based on PM noise
measurements,” in Proc. IEEE Int. Frequency Control Symp., May 2003,
pp. 541–546.

[23] G. N. Stenbakken and J. P. Deyst, “Comparison of time base nonlin-
earity measurement techniques,” IEEE Trans. Instrum. Meas., vol. 47,
pp. 34–39, Feb. 1998.

[24] R. Pintelon and J. Schoukens, “An improved sine wave fitting proce-
dure for characterizing data acquisition channels,” IEEE Trans. Instrum.
Meas., vol. 45, pp. 588–593, Apr. 1996.

David A. Howe received the B.A. degrees in physics
and math from the University of Colorado at Boulder,
in 1970.

Since June 1970, he has been involved with
four groups of the Time and Frequency Division,
National Institute of Standards and Technology
(NIST), Boulder, CO. His expertise includes spectral
estimation using digital processing techniques,
spectral purity and noise analysis, digital servo
design, automated accuracy evaluation of primary
cesium standards, atomic beam analysis, reduc-

tion of oscillator acceleration sensitivity for special applications, statistical
theory, and clock-ensemble algorithms. From 1970 to 1973, he was with
the Dissemination Research Section, NIST, where he coordinated the first
television time experiments, from which evolved closed captioning, as well as
lunar-ranging and spacecraft time-synchronization experiments. From 1973
to 1984, he was with the staff of the Atomic Standards Section, NIST, where
he performed advanced research on cesium and hydrogen maser standards
and ruggedized, compact rubidium, and ammonia standards. In 1984, he
returned to the Dissemination Research Section to lead and implement several
global high-accuracy satellite-based time-synchronization experiments with
other national laboratories. In 1994, he became a Statistical Analyst for the
Time Scale Section, NIST, which maintains UTC(NIST) from an ensemble of
laboratory atomic frequency standards. In 2000, he became the Head of the
Time and Frequency Metrology Group, NIST.

Mr. Howe is a member of Sigma Pi Sigma and Phi Beta Kappa. He was the
recipient of the 1990 Commerce Department’s Gold Medal for advancements
in time calibrations among standards laboratories who participate in the main-
tenance of UTC.

Jeffrey R. Ostrick received the B.S., M.S., and
Ph.D. degrees in physics from the University of
California at San Diego, La Jolla, in 1992, 1994, and
2000, respectively. His doctoral research focused
on superconducting fullerenes and low-dimensional
superconductors.

In 1996, he was involved with organic transistors
and light emitting diodes with AT&T Bell Laborato-
ries as part of the AT&T Ph.D. Scholarship Program.
In 2000, he joined the Superconducting Electronics
Organization, TRW, Space and Electronics, Redondo

Beach, CA, where he was involved with RF and digital superconductive elec-
tronics and cryopackaging. He is currently Lead Product/Thermal Engineer for
the Ground Production Center, Northrop Grumman Space Technology (NGST),
Redondo Beach, CA.

Dr. Ostrick is a member of Phi Beta Kappa and the American Physical So-
ciety.


	MTT025
	Return to Contents


