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-TECHNICAL

Introduction
Modern microwave test instru-

ments owemuch of their capabilities
to powerful microwave signal proc-
essing subsystemsthat employ high
speed sampling circuitry. These

, sampling heads, as they are often
called, can be found at the heart of
the latest sampling oscilloscopes,
frequency counters, lime/frequency
analyzers and vector network ana-
iyzers.1-3 The sophisticationat which
these instruments analyze compiex
microwave signals is a testimony to
the powerof sampling techniques for
use in extracting frequency, phase
and vector lntorrnatlon.s
Outside of the test equipment in-

dustry, sampling techniques have
been employed by phase lock oscil-
lator and synthesizer manufacturers
for many years.s The emergence of
commercially available sampling
phase detectors is an indication of
the need for these types of micro-
wave signal processing compo-
nents. Along with this demand
comes the need for design and ap-
plication information on microwave
sampling hardware.
In this paper the theory behind

subharmonic sampling is explored
and the physics of the sample-and-
hold process are examined when
applied to microwave frequencies.
Through time domain analysis, the
criteria for optimum sampling hard-
ware performance is established.
Finally, a variety of microwave sub-
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harmonic sampling applications are
presented.

Basis of Subharmonic Sampling
8ubharmonic sampling as a mi-

crowave signal processing tech-
nique may be best understood by
studying sampling theory.The basic
premise of sampling theory states
that when a signal f(t) of bandwidth
(Hz) is sampled at a rate of fe,

which is greater than or equal to
twice the signal bandwidth or no
information contained in the original
signal is lost. Furthermore, taking
the Fourier transform of the sam-
pling function

fs(t) = f(t)8(t)

where 8(t) is the periodic sampling
function of pulse width 't and period
1/fe, the spectrum of the sampled
signal may be derived. This results
in a summation of individual Fourier
transforms each centered at a pos-
itive and negative integer multiple of
the sampling rate

Fs(ro) = dF(ro) + dL sin

(or-nee)
For all n =±oo except n =0

If the sampled signal is a base-
band signal center at 0, then the
reconstructed signal will be cen-
tered at O. The frequencies of the
first harmonic replica of the sam-

pled signal are centered at 0, ± fe.
The succeeding replicas (± n X fe)
decrease in amplitude at the rate of
(sin n1td)/n1td. This theory is well .
suited for such applications as dig-
itized voice. For this application the
subharmonic sampling of a micro-
wave signal must be considered.
In compliance with the gUidelines

of the sampling theory, the spectrum
that results from a bandlimited mi-
crowave signal f(t) of bandwidth
that is sampled at the rate fe, where
fe and is also a subharmonic
of f(t), or n X fe= f(t) is considered.
In this case, the fundamental repli-
cas of the sampled signal is cen-
tered at f(t)with succeeding replicas
of this reconstructed signal appear-
ing at ± n X fe. The FFTs, shown in
Figure 1a where k = 512, show the
(sinXliXamplitude response of the
sampled spectrum. The expanded
FFT of Figure 1a, where k = 154,
shows more clearly how the sam-
pled RFInput is reconstructed at the
original frequency. The succeeding
replicas of the RF input as shown
are converted up and down in fre-
quency and separated in frequency
by the sampling rate Fe(Hz).
In this sampling simulation, the RF

input was sampled at a subharmon-
ic rate of one-tenth f(t). This is ev-
ident in the facllhatthere are indeed
10 replicas of the sampled signal in
either upper or lower sideband, of
F(t). Typically, the baseband replica
of F(t) located near DC, in this case
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WI

tered at fIt) - n X fe. This level of
performance may be achieved in
actual microwave and millimeter-
wave subharmonic sample-and-
hold circuitry when the circuit cri-
teria are met

delivers a time variant voltage Vs of
source impedance Rs Q. During the
sampling cycle, the source signal is
applied to the hold capacitor Chvia
the gate. The sampling aperture (tal
is the time the gate is closed. The
resistance of the gate (Rd) has been
included in the total source impe-
dance (Rs).
The parameters that come into

play during the hold cycle include
the hold capacitance (Ch) and the
load impedance of the buffer ampli-
fier R,. The hold time is the period
of the sampling rate (fel minus the
sampling aperture (t.).
During the sample cycle, the gate

closes for the duration of the sam-
pling aperture and a charge is im-
posed on the hold capacitor. The
charge on the hold capacitor in
coulombs can be expressed by

q =Jf(i)*t dt
Because the value for Vs is a time
variant function (V(s) = sin(Olt}), the
integral becomes

J
(- .J!DL )dt

q = (la-to) sin(Olt)*e (Rs'Chl

Rs over the interval
of tathrough to

Integrating this function over the
sampling aperture time for a given
value of Ch and Rs yields the value
for charge stored on the sampling
capacitor in coulombs.
The value of the hold capacitor Ch

is of significance as it is a parameter
that the designer can easily control.
Insight into the most judicious
choice of sampling capacitance
can be obtained by evaluating the

[Continued on page 2421

Subharmonic Sample-and-Hold
Circuit Modeling and Optimization
Fromthe ideal subharmonic sam-

ple-and-hold model shown in Fig-
ure 2, parameters that must be con-
sidered during the design of a mi-
crowave sampling circuit may be
defined. The source represents the
microwave signal to be sampled.
The source, defined by the function

f(s}= sin (20l + B)
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sampled when S(t} is high and f(t} is
held when SIt) is low. This logic
statement allows emulation of the
sample-and-hold process.
The output FFT spectrum of the

defined subharmonic sample-and-
hold process reveals its most signif-
icant property, which is the ability to
downconvert a microwave or rnm-
wave signal to baseband with great
efficiency and without loss offidelity.
Any loss in fidelity is due to the
phase noise of the sampling clock
degraded by 20 log of n.The Fourier
transforms of Figure 1b show how
the sample-and-hold process con-
verts most of the sampled energy to
the baseband spectral replica cen-
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Fig. 1 TIme domain analysis of Ihe sampling process; (a) fs(t) = f(t) X S(I) periodic
sampling, and (b) periodic sampling and hold into high impedance buffer.

Fig. 2 An ideal subharmonic sampling model.

f(t} - 10 X fe, is the desired output
signal. Extracting this baseband
signal does require some circuit im-
provements.

Sample-and-Hold Circuit Offers
Improvements Over Sampling
In order to perform sampling

downconversion to baseband, the
desired output of the FFT shown in
Figure 1awould bethespectral rep-
lica at f(t} - 10 X fe. This is because
the signal was sampled at the one-
tenth subharmonic. All of the other
spectral images in the FFT need to
be rejected. To improve this situa-
tion, instead of multiplying F(t) by the
periodic sampling function S(t), fIt) is
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and-hold capacitor. In the actual
sample-and-hold model, shown in
Figure 4, the capacitor Cm has been
included to demonstrate a matching
structure that consists of Cm and Lm
+ Lp• This LC network makes con-
venient use of the series inductance
of the bond wires in the sampling
bridge diodes for the purpose of
matching the 50 Q source impe-
dance to the 10 Q gate impedance.

Output Buffer Amplifier Design
Establishes IF Response
With Rs and Chestablished to give

maximum kinetic energy for a given
sampling aperture, the effects of the
buffer amplifier impedance on the
stored voltage during the hold cycle
are considered. An ideal sample-
and-hold buffer circuit should be
capable of measuring the voltage
stored on the hold capacitor for the
duration of the hold cycle without
discharging the capacitor. The ad-
vantage of buffer circuitry, which
can as nearly as possible meet this
ideal requirement, is evident in the
FFT of the ideal subharmonic sam-
ple-and-hold simulation, as shown
in Figure 1b. Next, one may com-
pare this to the output of a sample-
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Fig.3 Sampled voltage (Ve)and stored kinetic energy (Ke) per sample VS. hold
capacitance; (a) source z transformer (50 to 25 il) and (b) source z transformer
(50 to 12.5 OJ with RF" =18.5 GHz @ 5 dBm and sampling aperture =27 ps.
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[From page 240J WEISSKOPF

Fig. 4 An actual subharmonic sampling model.

qV =-
C Ch

Figure 3 shows the effect of hold
capacitance on the stored voltage
Vc and the total kinetic energy for
two values of Rs. The lower source
Impedance delivers the same kinet-
ic energy to a larger hold capacitor
that the higher impedance can only
deliver to a small capacitance. The
only difference for these two cases
is the voltage f:Jcl, which decreases
by the square root ofthe impedance
ratio or by the square root of two. By
increasing the incident power on the
sampling circuit by 3 dB, the original
voltage will be restored and the ki-
netic energy will be increased two
fold. The hold circuit can achieve
optimum performance with a larger
capacitor.
Thus, ilis important for the source

to offer a low impedance to the gate-

kinetic energy stored during the
sample cycle, which is equal to

K = (q2)
Ch

The voltage stored on the capacitor
is equal to

CIRCLE 245242
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mixers suppress the image
noise to provide exceptional
output signal to noise ratios.
The data bandwidth is ± 90%
of the center frequency.
Additional operating features
include automatic or manual
gain control, minimal group
delay variations, and metering
of input and output levels.
APCOM offers a eem-
plete line of related
products. These include
Video Distribution, Audio/lFI
Timing Distribution, Snapshot
Recorder Converters, Digital
Signal Processing, Base Band
Translators and If'/Predetec-
tion Converters.

I

possible solution to this problem is
to include the gate capacitance of a
FET source follower Into the total
required value of hold capacitance.

Sampling Aperture Width
Establishes InputRF Response
Maximum kinetic energy will be

transferred to the hold capacitor
when the sampling aperture is one-
half the period of the frequency of
the the sampled carrier. Sampling a

[Continued on page 244]

APCOMINC.
8-4Metropolitan Court
Gaithersburg, MD 20878
(301) 948-5900

CIRCLE 34 ON READER SERVICE CARD

Pushbutton selection of
standard Input and out·
put frequencies. Select from
four different IF frequencies
(21.4 to 250MHz) and seven
different tape frequencies
(30 to 3000kHz). Non-standard
frequencies are available on
special order.

IEEE·488 control Inter-
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Integration. Just plug it in.
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High performance ehar-
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. rlor operation. Imageless

loops that have bandwidths of less
than 100 kHz. However, in micro-
wavesignal processing,where sub-
harmonic sampling is used to ex-
tract information from a broadband
modulated carrier or to downcon-
vert a carrier to an IF frequency, the
buffer amplifier will be required to
have a frequency response as high
as one-half the sampling rate.In this
case, the buffer amplifier will need
to have both high input impedance
and very low input capacitance. A

Model 1000 ITC-6B is the IF to TapeConverter.
Model 1000 TIC-6B is the Tape to IFConverter.

These Versatile IF/Tape
and Tape/IF Converters
will exactly match
your requirements.
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Fig. 5 Timedomain analysis
of periodic sampling andhold
intoa lowimpedance buffer.

and-hold circuit that has a low im-
pedance load,as shown in Figure 5.
The resulting poor hold duration

manifests itself as an increasing in-
ability of the sample-and-hold cir-
cuit to isolate the periodic sampling
function discrete-line spectra from
the output of the sample-and-hold
circuit. On the other hand, if the
buffer can be made to have a high
impedance, the output signal will
contain little harmonic energy and a
much stronger baseband down-
converted spectrum of the sampled
signal.
Commercially available high im-

pedance buffer amplifiers offer very
impressive input impedances in the
giga ohm ranges. However, these
devices can havestray input capac-
itances of 3 pF. If connected in par-
allel with the hold capacitor, this ca-
pacitance would destroy the effi-
ciency of the circuitry.
Ina subharmonic sampling phase

detector application, a 50 KQ series
input resistance connecting the
hold capacitor to a high impedance
op-amp with 3 pF of stray input ca-
pacitance would create a lowpass
filter with a corner frequency at
1 MHz. This limited frequency re-
sponse is adequate for phase lock
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