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signal-to-noise ratio that is high enough, and this can be
achieved with the use of a narrow-band receiver. To determine
the required bandwidth for this receiver we can use the concept
of effective noise temperature of a network with noise figure
F, and compute the available noise power Np which will be
given by the familiar expression

N= kTBn = k(F-)TOB, (10)

where Te and To are the effective and reference noise tem-
peratures in kelvins, and k is the Boltzmann constant. If we
now consider that the sampling gate has a conversion loss of,
say, 7 dB and that the rise time T, introduces an irreducible
loss of 3 dB to the otherwise optimized subharmonic signal
selected, we can relate that subharmonic power to the thermal
noise within Bn and derive an engineering expression for the
signal-to-noise ratio. That is

S/N
power nth replica (in dB)

input signal power (dBm) - 20 log10 nr
- 10 - kTeBn(dBm). ( 1)

Equation ( 11) shows that with a noise bandwidth of, say,
30 kHz, an input level of 0 dBm at 40 GHz, and a receiver
noise figure of 3 dB the S/N is - 31 dB. Because a 30-kHz
noise bandwidth, and even lower, is perfectly achievable in a
tracking receiver operating between 5 and 7.5 MHz (sampling
rate of 5 MHz) we conclude that down-conversion with sub-
harmonic sampling followed by signal recovery with good
signal-to-noise ratio is achievable well into the millimeter re-
gion. Clearly, one must use crystal oscillators of a high degree
of spectral purity which drive wide-band sampling gates.
Variable pulsewidth T is fundamental to the technique.

11I. EXPERIMENTAL SYSTEM

A. Description

Fig. 5 shows the complete block diagram of the experimental
measurement system which has been built, tested, and is cur-
rently in use in the laboratory. A view of the rack unit has been
shown in [7]. Consistent with the concepts discussed in Section
II, the 5-MHz master oscillator drives a variable pulsewidth
generator. The oscillator under test is then sampled in the
sampling gate and the output is low-pass filtered from spectral
components above 7.5 MHz, as at least one of the subharmonic
replicas must lie between 5 and 7.5 MHz. The output signal
spectrum is a replica of the original oscillator several tens of
decibels below the original level. A tracking receiver follows,
which is a phase-locked receiver (PLL) with a voltage-con-
trolled oscillator (VCO) tunable between 5 and 7.5 MHz.
After phase lock, the VCO output is a band-pass filtered ver-
sion of the subharmonic under analysis. In addition, any fre-
quency drifts will be followed by the VCO. A first version of
the tracking receiver was simply a variable-tuned circuit but
this was later abandoned in favor of the PLL which can recover
signals in a poor signal-to-noise ratio environment.
The VCO signal is now suitable for analog or digital analysis

and in addition, the voltage driving the VCO contains the in-

Fig. 5. Measurement system block diagram.

Fig. 6. Pulse generator and sampling gate.

formation on frequency jitter of the original microwave os-
cillator. If the frequency jitter is small because the microwave
oscillator under test has a good degree of spectral purity, the
reciprocal counter operating between 5 and 7.5 MHz may lack
resolution. To avoid this, Fig. 5 shows how the VCO signal is
mixed with the output of a 5- to 7.5-MHz synthesizer driven
by the master oscillator so as to obtain an even lower frequency
replica of the microwave oscillator. In the present system, the
synthesizer can operate in steps of I kHz and therefore, if
necessary, a low-frequency replica at about l-kHz center
frequency is possible. For practical reasons, the output of this
second mixer is low-pass filtered by a conventional variable
low-pass filter. The final signal is ready for processing and
analysis.

B. Pulse Generator and Sampling Gate

The circuit diagram is shown in Fig. 6 and the technology
employed throughout is conventional microstrip and 50-u
transmission-line impedances. The pulse generator uses
standard TTL logic driving bipolar transistors into and out of
their avalanche region [8]. The collector of T1 is biased close
to breakdown voltage and when TF is triggered into avalanche
conduction a charged delay line, Z0, To, is rapidly discharged
through the load resistor RL. This results in a positive pulse
of around 20-V peak amplitude with 200-ps rise time (00-90
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percent). The maximum pulsewidth of twice To occurs when
T, is brought out of the avalanche mode by the pulse reflected
at the other end of the delay line. In order to achieve a variable
pulsewidth, a second transistor T2 is used at the end of the
delay line which also operates in the avalanche mode. This is
triggered at a different time from T1 and generates a second
pulse of opposite polarity which travels towards T1 and results
in an overall shorter pulsewidth. Continuously variable pul-
sewidth is obtained by altering the delay Td between the
triggering of T, and T2. The resulting pulses observed have
a duration T which can be varied between 0.4 and 1.5 ns with
full 20-V amplitude on a 50-Q load (sampling oscilloscope).
The measured edge speed is about 10 ps/V, and therefore the
present unit could, in theory, operate a sampling gate up to
about 40 GHz depending upon the sampling gate and the
diodes used.
The circuit configuration for the sampling gate is shown in

Fig. 5 and requires the use of a single-polarity sampling pulse
for operation, as produced by the pulse generator. The diodes
used within the gate are normally reverse biased ensuring
minimum signal transfer during the period of no sampling
pulse. By using the reverse-bias (Vbias) level, the switch-on
point of the sampling gate can be set where the rise slope of the
pulse edge is steepest. Schottky-barrier diodes have been used
as switching elements since it is necessary to have a fast re-
sponse to the sampling pulse. The transformer arrangement
provides the necessary balanced signal required by the two-
diode configuration in addition to providing isolation between
the sampling gate ports. This transformer limits the frequency
of operation of the sampling gate to about 3 GHz at present,
due to the ferrite-core construction; but higher operating
frequencies are plausible using other techniques. The con-
nection between the pulse generator and sampling gate is made
via a semi-rigid coaxial link to facilitate the use of alternative
sampling gates.

C. Implementation of the Measuring System Tests and
Limitations

The construction of the experimental unit of Fig. 5 is mod-
ular and the circuits are mounted in a 19-in rack [7]. The pulse
generator is allowed to settle in temperature and it is conve-
nient to use a power spectrum analyzer to check levels of both
microwave oscillator under test and harmonics of the pulse
generator. The output of the sampling gate is then monitored
by the analyzer and the subharmonic in the range 5-7.5 MHz
is identified. If necessary, the spurious feedthrough 5-MHz
signal is canceled or minimized and the signal is then tracked
by the PLL receiver. The output of the VCO can then be sent
to the reciprocal counter which is interfaced with the computer
via the IEEE-488 bus. Currently an HP 5342A and Commo-
dore minicomputer are used and the frequency counts, aver-
aged over the variable gate time, are stored for processing.
The master oscillator of the overall system is itself the internal
clock of the counter and thus complete synchronism in the
system is achieved.

As outlined before, the VCO output frequency variations
may be such that even the resolution due to the high clock rate
(500 MHz) of the counter is not sufficient. In addition, many

Lii
< 5 SAMPLED 1GHZ OSCILLATOR PHASE LOCKED To REFERENCE +

In 4-
00 3 5MHZ REFERENCE OSCILLATOR *

2-- -3
en 4606
H~~~~~~~~~~~~~

z
ii 0-

L -2U

a. -3-
In
wi -4-
U,
I -5

-6 _I-
.01 .1 1 10 100

OFFSET FREQUENCY FROM CARRIER (HZ)

Fig. 7. Phase noise measurements verifying the principles of the
measuring technique (see text).

of the features of a commercial counter are unnecessary. The
synthesizer and further mixing should allow the use of a more
simple purpose-built counter with a 5-MHz clock signal given
by the system master. In this way, it will be possible to resolve
small frequency variations of a stable microwave oscillator in
a very cost-effective way. The synthesizer introduces some
inevitable degradation due to the jitter in the logic circuitry.
To measure this, in the present system, the synthesizer output
at 5.001 MHz was mixed with the master at 5 MHz and the
two-sample Allan variance fractional frequency stability
analysis gave a value of 10-9 at a gate time of I s with a -I
slope in the sigma-tau plot (white phase noise). It is important
to note, however, that this one part in 109 represents 5 mHz
at the frequency of analysis, -5 MHz. When a microwave
oscillator is down-converted, this 5-mHz imprecision is added.
This implies for example that a l-GHz oscillator can be as-
sessed with the ultimate fractional frequency limitation of 5
X 10-2 = 10-9/(1000/5) = 10-9/200, where 200 is the
subharmonic number n.

Further sources of imprecision include additive noise and
the master-clock jitter. The thermal noise of the receiver is
uncorrelated with the phase noise of the signal under test. The
quadrature component of that noise, assumed to be spectrally
flat, can be estimated within Il-Hz bandwidth (kTe,) and it can
be related to the subharmonic level. It is reasonable to identify
this ratio, in decibels, as the function L(f) or single-side
band-to-carrier ratio expressed in units known as dBc/Hz. For
example, because in the present system kTe is about -174
dBm, the sampling of a 0-dBm 20-GHz signal (n = 4000)
leads to the floor -80 dBc/lHz. Because the sampling process
introduces multiplication of the phase noise of the master
reference oscillator by the factor n, this noise will appear at
the replica of the sampled microwave signal. However, it re-
mains to be further investigated whether some or all of these
frequency-jitter variations are effectively canceled due to the
coherence of the counter clock and the sampling rate (both are
derived from the 5-MHz master).

Various tests with a variety of oscillators have been carried
out. Fig. 7 is an illustrative example of both the principles of
the system and the type of numerical analysis. In this case,
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Fig. 8. Feedthrough cancellation technique.

Fourier analysis of the frequency counts was carried out; the
upper spectrum was obtained with the experimental system
so as to analyze a -1-GHz microwave signal derived from
phase locking a Ferranti cavity oscillator to a 5-MHz Vectron
crystal oscillator. On the other hand, the lower spectrum shown
in the figure is the direct analysis of the -kHz beat between
the previously mentioned 5-MHz Vectron and another one of
the same production series (next serial number). It is clear that,
as theoretically expected, both spectra differ by 20 log1I n =

46dB, n = 1000/5.
Finally, it was mentioned at the beginning of the section that

the output of the sampling gate contains a spurious 5 MHz and
its harmonics. Even after low-pass filtering all components
above 7.5 MHz, that 5-MHz signal is present with a level of
about -30 dBm. If we consider that the level of the subhar-
monic may be about -60 dBm or less, and in addition it can
be close to 5 MHz, it is clear that the PLL tracking receiver
will lock onto the spurious 5-MHz feedthrough. To avoid this,
the output of the sampling gate is fed to a power combiner and
at the other port a fraction of the 5-MHz master signal is in-
jected (Fig. 8). Simple vector calculations show that by careful
control of amplitude and phase of this injected signal, the 5
MHz can be canceled. This has been verified experimentally
and the measurement system contains a monostable pulse
generator triggered by the reference with variable delay.
Control of both delay and amplitude of the 5-MHz pulse train
injected allows good cancellation of the spurious signal and the
PLL receiver can track with no difficulty.

IV. CONCLUSIONS

This paper has described the theoretical principles, design,
testing, and limitations of a novel system of instrumentation
guided to help the measurement of short-term frequency sta-
bility of microwave oscillators. The technique does not avoid
the use of mixing and a second oscillator; however, by using
the subharmonic sampling principles and a theoretical analysis
leading to power optimization criteria of the subharmonic
selected, only one low-frequency master oscillator is required.
The traditional microwave mixer becomes in this technique
a wide-band sampling gate. Finally, as technology in pulse
generation, measurement, and synthesis advance [7], and
multioctave wide-band techniques are becoming widespread,
the technique described in this paper may be attractive and
used in a compact measuring unit. It has proved its usefulness
in quick measurement of L-band cavity oscillators and SAW
oscillators at the authors' laboratory.
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