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Introduction

Modern microwave test instru-
- ments owe much of their capabilities
to powerful microwave signal proc-
essing subsystems that 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, time/frequency
analyzers and vector network ana-
lyzers.*® The sophistication at which
these instruments analyze compiex
microwave signals is a testimony to
the power of sampling techniques for
use in exiracting frequency, phase
and vector information.*

Outside of the test equipment in-
dustry, sampling techniques have
been employed by phase lock oscil-
lator and synthesizer manufacturers
for many years.® 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.
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harmonic sampling applications are
presented.

Basis of Subharmonic Sampling

Subharmonic 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 i(t) of bandwidth
B (Hz) is sampled at a rate of £,
which is greater than or equal to
twice the signal bandwidth or 23, no
information contained in the original
signal is lost. Furthermore, taking
the Fourier transform of the sam-
pling function

fs(t) = f{HSEH

where S(f) is the periodic sampling
function of pulse width T and period
1 /1., the spectrum of the sampled
signal may be derived. This resulis
in a summation of individual Fourier
transforms each centered at a pos-
itive and negative integer multiple of
the sampling rate

(nmtd)
nmd*F

Fs{w) = dF{w) + dZ sin

{o-nwc)
For all n = 1= exceptn =0
If the sampled signal is a base-
band signal center at 0, then the

reconstructed signal will be cen-
tered at 0. The frequencies of the

pled signal are centered at 0, £ f..
The succeeding replicas (£ n X g
decrease in amplitude at the rate of
{(sin nmd)/nnd. 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(f} of bandwidth B
that is sampled at the rate f;, where
fo = 2B and is also a subharmonic
of {(t), or n X {; = f{t) is considered.
In this case, the fundamental repli-
cas of the sampled signal is cen-
tered at () with succeeding replicas
of this reconstructed signal appear-
ing at £ n X f.. The FFTs, shown in
Figure 1a where k = 512, show the
{sin X}/ X amplitude response of the
sampled spectrum. The expanded
FFT of Figure 1a, where k = 154,
shows more clearly how the sam-
pled RF inputis reconstructed atthe
originat 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 {(t). This is ev-
identin the fact that there are indeed
10 replicas of the sampled signal in
either upper or lower sideband of
F(t). Typically, the baseband replica

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Case 6:20-cv-00945-ADA Document 33-16 Filed 08/23/21 Page 3 of 8

=
w
a
=
[~
|
o
=
Cd
1] t LT
SAMPLED SIGNAL 1 IF PERIOD
M
0.06
e
et
a
=
=
-
[N
S
<
o o~
0 k 312
FET SAMPLED SIGNAL
{HARMONICS OF THE BASEBAND IF QUTRUT)
0.06 T RF INPUT f{t)
=
w
a
pu
E
=
o
=
P
0 b
1] K 154

FET SAMPLED SIGNAL
(HARMONICS OF THE BASEBAND IF QUTPUT)

(a)

AMPLITUDE (V)

o

t LT
SAMPLED SIGNAL 1 IF PERIOD
(TIME)

R,

-t k 512
FFT SAMPLED SIGNAL
(HARMONICS OF THE BASEBAND IF QUTPUT)

0.4

o AMPLITUDE (V) =

~— DESIRED IF QUTPUT

S AMPLITUDE (V)

k 154

[}
-

FFT SAMPLED SIGNAL
(HARMONICS CF THE BASEBAND IF QUTPUT)

b

Fig. 1 Time domain analysis of the sampling process; (a) fs(f) = I(t} X S{t} periadic
sampling, and (b} periodic sampling and hold into high impedance butfer,
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fity - 10 X {;, is the desired output
signal. Extracting this baseband
signal does require some circultim-
provements.

Sample-and-Hold Circuit Offers
Improvements Over Sampling

In order to periorm sampling
downconversion to baseband, the
desired output of the FFT shown in
Figure 1a would be the spectral rep-
lica at f{t} - 10 X f;. This is because
the signal was sampled at the one-
tenth subharmonic. All of the other
speciral images in the FFT need to
be rejected. To improve this situa-
tion, instead of multiplying F(t) by the

nerindic samnlina function SiM_fitlis
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Fig. 2 An ideal subharmonic sampling model,

sampled when S(f) is high and f(t) is
held when S{) 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 mm-
wave signal to baseband with great
efficiency and withoutloss of fidelity.
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 hassehand aneciral renlica cen-

tered at f(t) - n X fo. 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.

Subharmonic Sample-and-Hold
Circuit Modeling and Optimization
From the ideal subharmonic sam-
ple-and-hold mode! 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 (20 + 9)

delivers a time variant voltage Vs of
source impedance R (. During the
sampling cycle, the source signal is
applied to the hold capacitor Cy, via
the gate. The sampling aperture (tg)
is the time the gate is closed. The
resistance of the gate {Ry) has been
included in the total source impe-
dance (Rg).

The parameters that come into
play during the haold cycle include
the hold capacitance {Cr) and the
load impedance of the buffer ampli-
fier R The hold time is the period
of the sampling rate (f;) minus the
sampling aperture (ta).

During the sample cycle, the gate
closes for the duration of the sam-
pling aperiure and a charge is im-
posed on the hold capacitor. The
charge on the hold capacitor in
coulombs can be expressed by

= [ f(i)*t dt

Because the value for Vs is a time
variant function (V(s) = sin(ot), the
integral becomes

. Mata) g,
_ {tato) Isin(mt)*e( {Re"C) )
Rs over the interval

of ty through t,

Integrating this function over the
sampling aperture time for a given
value of Gy and R, yields the value
for charge stored on the sampling
capacitor in coulombs.

Thevalue of the hold capacitor Ch,
is of significance as itis a parameter
that the designer can easily control.
Insight into the most judicious
choice of sampling capacitance

can be obtained by evaluating the
fCnantinued An mana 249
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Fig. 3 Sampled voltage (Vc) and stored kinetic energy (Kg) per sample vs. hold
capacitance, {a) source z transformer (50 to 25 Q) and (b) source z transformer
(50 to 12.5 Q) with RFin = 18.5 GHz @ 5 dBm and sampling aperture = 27 ps.
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Fig. 4 An actual subharmonic sampling model.

kinetic energy stored during the
sampie cycle, which is equal o

_ @
K= o

The voltage stored on the capacitor
is equal to

Ve Cn

Figure 3 shows the effect of hold
capacitance on the stored voltage
V. and the total kinetic energy for
two values of Re. 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 (V,), which decreases
by the square root of the impedance
ratic 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 iwo
fold. The hold circuit can achieve
optimum performance with a larger
capacitor.

Thus, itis important for the source

WY SEUUUINE DEUI DU PR T | N

and-hold capacitor. in the actual
sample-and-hold model, shown in
Figure 4, the capacitor G, has been
included to demonstrate a matching
structure that consists of G and L,
+ 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 C, established 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-

e ALt R XM 2 _#
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loops that have bandwidths of less
than 100 kHz. However, in micro-
wave signal processing, where sub-
harmonic sampling is used to ex-
fract 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

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 Input RF 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
[Centinued on page 244]
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] 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-
H cuit to isolate the periodic sampling
H 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 litte harmonic energy and a
much stronger baseband down-
converted spectrum of the sampled
signal.

Commercially availabie high im-
pedance buffer amplifiers offer very

- impressive input impedances in the
giga ohm ranges. However, these
devices can have stray 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
fitter with a corner frequency at
1 MHz. This limited frequency re-
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Model 1000 ITC-6B is the IF to Tape Converter.
Model 1000 T!C-éB is the Tape to IF Converter
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