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Overview

Almost all radars and electronic
warfare (EW) equipment coherently
transmit and detect their signals.
This application note will describe
methods to test the microwave and
IF portions of this equipment using
a vector modulation test system. The
proposed system will be able to per-
form tests with complex phase and
magnitude modulation signals.

This note should give the reader the
general principles and methods for
making vector measurements. A
vector modulation test system is
introduced which uses the HP 8980A
Vector Analyzer and the HF 8780A
Vector Signal Generator. These instru-
ments form the core of the system.
The basics on how to make measure-
ments with the system and instru-
ments are covered. When finished
with this application note, the reader
should feel confident enough to
configure and use a vector measure-
ment system for individual testing
requirements.

The application note breaks down
into the following sections:

Introduction. Advancements in radar
and electronic warfare technology
are reviewed and related to the need
for new test methods. Current testing
methods are discussed with their
strengths and weaknesses.

Vector Modulation Fundamentals. The
vector measurement concepts are
described here and compared to
other test methods. Complex modu-
lation and demodulation with In-
phase and Quadrature-phase (I and
Q) channels is introduced. Even if
the reader is familiar with complex I
and Q modulation, the section could
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be helpful, since a method of display-

ing data on a Q versus I plot is
proposed.

Vector Modulation Test System. A prac-
tical implementation of a vector
measurement system is introduced. -

Basic Transmitter Tests. As the title
implies, this sections reviews general
transmitter tests. The tests focus on
characterizing the transmitted wave-
form and its modulation.

Basic Receiver Tests. When a receiver
makes a measurement, two types of
errors limit the accuracy: external
and internal errors.

External errors refer to measurement
inaccuracies caused by factors out-
side the receiving system. Examples
include glint, multipath reflections,
atmospheric attenuation, clutter, and
others.

Internal errors are caused within the
receiver. The inaccuracies they cause
are almost totally independent of
target dynamics and tracking condi-
tions. These errors limit the optimum
accuracy and processing capability
of the receiver. Examples of limits
include time, frequency, and phase
discriminator accuracies. Errors
include phase and gain matching of
different channels, quadrature error,
oscillator stability, and overall signal
degradation.

The “Basic Receiver Tests” section
outlines tests for internal errors. Test-
ing for internal errors requires ideal-
ized signals which are measured for
degradation as they travel through
the receiver.
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eiver Tests. This sec

io
briefly describes a technique for
measuring the effects external errors
have on receiver performance. Radar
returns could be simulated for these
tests.

Specific Receiver Tests. The “Basic
Receiver Tests” section reviews tests
which are common to all types of
receivers. This section lists some
specific receivers and mentions tests
which apply to them directly. The
receivers covered include mono-
pulse, instantaneous frequency mea-
surement (IFM), and compressive.

Anechoic Chamber and Radar Range
Measurements. Vector techniques can
greatly contribute to the design and
implementation of these systems.
This section reviews how vector
modulation instruments can be
integrated into anechoic chambers
and radar ranges.

Summary.

For more specific instrument informa-
tion, Product Notes, which describe
the vector measurement instruments
capabilities, and technical Data
Sheets are available from your
Hewlett-Packard field engineer.

Ask for:

PN 8780A-1, Introductory Operating
Guide for the HP 8780A Vector Signal
Generator (lit. #5954-6368).

PN 8980A-1, Introductory Operating
Guide for the HP 8980A Vector
Analyzer (lit. #5954-6369).

HP 8780A Data Sheet (lit. #5954-6363).
HP 8980A Data Sheet (lit. #5954-6364).

HP 8980A Programming Note
(lit. #5954-7342).
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Introduction
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Radar and EW technology has been
constantly increasing in complexity.
Modulation has gone from simple
pulse to complex phase coding. Typ-
ically, a radar system uses the time
and frequency shift of returned sig-
nals for deriving range and velocity
information. The phase of a returned
signal is also used to increase the
accuracy of radar receivers and to
derive more information about a
target. The radar must coherently
receive and process a return to make
phase measurements. This means
the receiver oscillators must be
phase locked to the transmitter
oscillators.

Coherent reception can reduce range
ambiguities with phase tagged
pulses, while range resolution can be
improved with phase coding and
then compressing the pulses. When
integrating several pulses digitally,
as moving target indicators do, the
phase must be preserved so that
noise will cancel and the signals will
add. Synthetic aperture radars record
the phase of a pulse to achieve high
angular resolution.

Coherent transmission and detec-
tion adds a layer of sophistication to
radar and electronic warfare systems
that expands their capabilities and
performance. The added layer of
sophistication has been made possi-
ble by advances in both transmitter
and receiver technologies.

Modern transmitters control the
phase of their output signal —
something the older transmitters

didn’t do. Older transmitters, which
are typically klystrons or magne-
trons, output high power at low
duty cycles. While they generate
pulse and chirp modulation, their
phase modulation capabilities are
limited. Controlling the phase of a
signal coming out of a gated klys-
tron or magnetron is quite difficult.

The block diagram of a modern
transmitter usually has an exciter/
amplifier configuration. The amplifi-
ers are normally solid state or TWTs,
while the exciters have a variety of
standard designs. The exciters are
capable of high bandwidth phase,
frequency, and amplitude modula-
tion. The rise and fall times, or

‘switching characteristics of modern

transmitters are typically much fas-
ter than older transmitters.
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Figure 1. General modern transmitter block
diagram. The modulation typically takes place
before the power amplifier and at a lower fre-
quency than RF. Older transmitters, tubes and
cavity magnetrons would modulate at RF.

Older test systems weren’t designed
to test complex modulated signals.
For older transmitters it is usually
sufficient to diode detect the
coupled output. This measures PRF,
pulse width, rise/fall times and also

peak power. A frequency counter
measures the transmitter frequency.
Receivers are tested by applying a
pulsed signal to the input and
measuring how the receiver
responds. The frequency, delay, and
amplitude of the pulse are varied for
standard tests. With the advent. of
high bandwidth, coherent modula-
tion, different methods of testing are
required.

The sophistication of the radar and
electronic warfare (EW) systems
places a burden on test instruments.
Typically the testing capabilities
limit the performance of current sys-
tems. Testing capability must match
the increased complexity to utilize
the full potential of radar and EW
equipment.

The signal a transmitter produces
must be explicitly characterized. In
addition to the PRF, duty cycle,
amplitude, and frequency, the phase
of the carrier during the pulse must
be measured. The accuracy with
which a receiver detects and mea-
sures the phase of a returned signal
must also be characterized to find
out how well the radar will perform.
A test system must be able to gener-
ate a phase modulated signal, and
must also be able to analyze the
phase modulation on a signal.
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Test Techniques

Various techniques are presently
being used to test complex signals.
The following paragraphs review
current test techniques and then
propose a new way of testing with a
vector modulation test system.

A network analyzer is the most
common way to make coherent
tests. If the testing only requires a
CW signal, this method will give the
most accurate and reliable results.
If, however, a modulated signal is
needed to excite the system under
test, other methods must be used.

A variety of reasons exist for why a
test signal should be modulated, and
specifically, pulse modulated. Many
components in the receiver will
behave differently for pulse modu-
lated signals than CW signals
because of power dissipaticn and
nonlinearities. The radar typically
will be used under pulsed condi-
tions. Thus, the effects of pulsed
signals should be taken into account
during testing.

Devices in the receiver are normally
designed for pulsed operation and
will dissipate less energy than when
a CW signal of an equivalent power
level is used. This heating effect pre-
vents the use of high power CW
signals. Many radar components will
burn out with a high power CW sig-
nal. But high peak power tests are
needed to characterize the perfor-
mance at or above the 1 dB com-
pression point of the radar compo-
nents. Nonlinearities can be tested
using a pulsed, high peak power
signal without overheating devices.

The pulse response of a receiver can
be derived with a network analyzer
by doing an inverse FFT on measure-
ments made over a wide frequency
range. This method, however, doesn’t
take into account the heating and non-
linear effects described. The method
is also slow because the measure-
ments must be made at each fre-
quency over the frequency range and
then processed with an inverse FFT.

Another measurement technique
tests a radar transmitter with the
receiver and tests the radar receiver
with the transmitter. During a trans-
mitter test, the receiver characterizes
the transmitter’s signal. During a
receiver test, the transmitter excites
the receiver and the receiver
response is recorded.

This method is quite convenient and
does test the ability of the radar’s
transmitter and receiver to operate
together in a system. The transmit-
ter and receiver are designed to
work as one unit, and need to be
tested as such. The modulated signal
generated by the transmitter must
correspond to the way the receiver
processor operates, while the receiver
usually contains matched filters cor-
responding to the frequency spec-
trum of the transmitted signal.

Overall system testing is necessary,
but it’s not very useful for isolating
faults. Errors would be identified but
it would be ambiguous which caused
the error: the transmitter or the
receiver. A complete test system
must isolate the error sources all the
way down the component or module
level in a radar or EW system.

Radar and EW systems need to be
tested under pulsed conditions with
instruments which have greater per-
formance capabilities than the sys-
tem being tested. The system can
then be specified to the limit of its
performance, rather than having the
specifications limited by the test
equipment.

Having a complete test system,
which includes a signal simulation
source and a signal analysis device,
speeds up the design cycle. Being
able to isolate faults and simulate a
signal right from the start of a pro-
ject greatly reduces the time needed
to design a full system.
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Vector Modulation Fundamentals

An effective, coherent test system
could be built based on the principles
used in coherent transmitters and
receivers. These principles, vector
principles, allow a signal to be either
synthesized from two orthogonal
components or analyzed by breaking
the signal down into two orthogonal
components.

Most modern radars and some EW
systems receive and downconvert
signals into two orthogonal compo-
nents. With the components a
receiver can easily determine the
phase and magnitude of the signal.
This allows them to perforr complex
Doppler processing.

Vector principles can be used as a
powerful test and analysis tool in
modern systems. The two crthogonal
components, or the I (In-phase) and
Q (Quadrature-phase) signals, are
very sensitive to system errors or
degradations. Hence, test equipment
specially designed to process the I
and Q signals (or generate precisely
modulated signals) can open up a
new dimension in system perfor-
mance analysis.

A vector modulation system employ-
ing I and Q channels appears in
Figures 2a and 2b. This system per-
forms coherent, pulsed tests with
high modulation bandwidth signals.

VECTOR ANALYZER

——EE
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MOD SIG INPUT ———

CONTROLLER

VECTOR
DEMODULATOR

Figure 2a. This section of a vector measurement
system can analyze a signal by breaking it
down into quadrature components. The system
reveals the signal’s phase and amplitude.
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Figure 2b. This section of a vector measurement system generates complex modulated signals,
including pulsed, phase coded, Barker coded, chirped, Doppler shifted, and many others.

The vector modulation test system
measures the receiver at several
points to locate a problem. With the
high bandwidth, the system ana-
lyzes much faster rise and fall times
than typical test systems can. As the
block diagram in Figure 2b indicates,
the test system can generate com-
plex modulated signals for receiver
tests. Complex signals can be ana-
lyzed in both the transmitter and
receiver. The test system will also
directly examine I and Q channels.

The rest of this section reviews the
basics of vector modulation tech-
niques and explains what the I and
Q channels are used for. The next
section then reviews the proposed
vector measurement system and
outlines its operation and
capabilities.

Vector techniques are basically a
method for generating and analyz-
ing complex modulated signals.

Radar systems using I and Q chan-
nels generate and process coherent
waves with sophisticated phase and
amplitude modulation.

The easiest way to understand the
techniques is to first see what a
signal looks like on a vector diagram
and then to see how a coherent
receiver breaks a signal into I and Q
components. After that it is easy to
understand how a signal can be
generated with vector techniques.

A vector diagram presents the mod-
ulation of a signal on a polar display.
The vector diagram shows the time-
varying amplitude and phase of the
signal. The phase displayed is refer-
enced to an arbitrary CW carrier of
the same frequency which is usually
provided from the transmitter. The
magnitude of the vector from the
origin to a displayed point on the
vector diagram represents the ampli-
tude of the signal, while the angle of
the vector represents the phase of
the signal.
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A vector diagram of a simple pulsed
signal appears in Figure 3. This dia-
gram doesn’t display just one time
instant; instead, a time interval is
displayed. Notice the cluster of
points at the origin which represent
when the pulsed carrier is off with
no signal amplitude. The cluster of
points on the positive I axis repre-
sents when the pulsed carrier is on.
Since the points appear on the I axis,
the phase of the signal is zero. The
points in between the two clusters
represent the transition between
pulse on and off states. Notice that
the transitioning points do not stay
exactly on the I axis indicating that
the signal’s phase varies during
switching due to incidental phase
modulation.

TIMEGASEZ10. 13ue/DIV
1-GAIN= 18.29mv/Dlv (OFS]
Q-GAIN= 17.30mv/0lv (OFS] |

Figure 3. This vector diagram displays a sim-
ple pulse signal. The two dot clusters represent
the onloff states of the pulse. The incidental

phase modulation is shown during transitions.

Every radar will typically have its
own unique vector diagram. Even if
the modulation is the same, the
incidental phase modulation will
usually be different. By viewing the
vector diagram then, a radar’s signa-
ture can be seen quite easily. The
vector diagram precisely reveals the
modulation of a radar signal.

A coherent receiver produces a vec-
tor diagram with a vector demodula-
tor. An incoming signal is demodu-
lated into two baseband channels,
the I and Q channels. The channels
comprise the vertical and horizontal
components of a vector diagram. By
using two channels instead of just
one, as older receivers did, all the
modulation information, phase and
amplitude, is preserved.

The vector demodulator section of
the receiver is what actually breaks
the signal down into I and Q com-
ponents. Figure 4 outlines the basic

i 2ze )
block diagram of a demodulator. A
modulated IF signal enters at the left
while a CW reference signal at the
same frequency as the IF carrier
enters at the right. The reference
and modulated signal are split into
two channels. A quadrature hybrid
shifts the phase of one of the refer-
ence channels by 90°. The reference
and modulated signals are mixed
together into two baseband chan-
nels. Thus, the two output baseband
signals are 90° apart. The channel
with the added phase shift is called
the Q or Quadrature-phase channel
and the channel with no added
phase shift is called the I or In-phase
channel. By connecting the two
channels to an X versus Y display, a
vector diagram is obtained. An analy-
sis appears in Block 1 on page 10
which explains why an X versus Y
display of the I and Q channels
produces a vector diagram.

DIVIDER

BASEBAND LOW PASS
AMP FILTER
1 CHANNEL
\[——" outPUT
9%0° COHERENT
LOIN
POWER
® oo DIVIDER
l ™~ Q CHANNEL
P \ " OUTPUT
BASEBAND LOW PASS
AMP FILTER

Figure 4. A vector demodulator reveals the phase between two inputs and the magnitude of the
inputs. The phase, magnitude, and time information is contained on the two baseband output

channels, I and Q.



Block 1: Vector Demodulator I and Q Outputs

The following analyzes why a Q versus I display represents a vector diagram
of a signal’s modulation. The analysis is based on the demodulator block
diagram in Figure 4.

Let the RF Input equal
A(t) cos [ot+¢(t)].

where: A(t) = amplitude modulation
¢(t) = phase modulation
o = carrier angular frequency.

The LO input will equal cos(wt). The I and Q mixer outputs are:

Alt)coswt+e) o I channel
_A® AY
Al)cos(wt+¢) o Q channel
Y
=29 os2ut—90+ 8+ A costs +90%) 3
cos(wt —90°)

After the 2wt product is filtered out by the baseband low-pass filter, the
output is:

Ivolt = % cos [(t)]

Qvolt = _AT(t) sin [d’(t)]

The Q channel must be inverted either with an inverting amplifier or in the
processing or display unit.

When the I and Q outputs are displayed in an X versus Y mode, the amplitude
and phase of the vector to a point can be calculated as follows:

o ——
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Thus, a Q versus I plot represents a vector diagram of a signal’s modulation. K?)‘
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A modulated signal can be gener-
ated using the same principles of a
vector demodulator. A vector modu-
lator, which is basically the reverse
of a vector demodulator, can impose
arbitrary phase and amplitude mod-
ulation on a CW carrier. Instead of
breaking a signal down into I and Q
components, a vector modulator
synthesizes a modulated signal from
baseband I and Q components. Fig-
ure 5a contains a simplified block
diagram of a vector modulator.

A CW signal goes into the reference
carrier input, while baseband signals
go into the I and Q inputs. The
modulated signal then exits from the
RF output port. The correct I and Q
values needed to produce the
desired modulation can be calcu-
lated with the same formulas used
in Block 1 for the demodulator.

The operation of a vector modulator
can be visualized with Figure 5b.
Here a signal is split into two paths.
One path is shifted 90° and then
both paths pass through variable
attenuators. Finally, they are
summed and output. The output is
the vector sum of the two quadra-
ture components as shown in the
adjacent vector diagram.

BASEBAND
AMP
1 CHANNEL \
INPUT e l
m‘@
REFERENCE 90° 0 MODULATED
CARRIER INPUT RF OUT
—900
Q CHANNEL [ }
INPUT
BASEBAND
AMP

Figure 5a. A vector modulator synthesizes a complex modulated signal from baseband I and Q
inputs and a CW carrier input.

_ /TQ COMPONENT
-~
-~
( : ) 1 COMPONENT
Eﬂ" il

Figure 5b. Conceptual diagram of how a vector modulator operates. The incoming signal is split
and passed through variable attenuators. One channel is given a 90° phase offset, then the two
channels are summed. The two channels represent the quadrature components of the output sig-
nal. By varying the attenuation levels, the output phase and amplitude can be controlled.
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Since the vector diagram of Q versus
I doesn’t show the modulation versus
time, rise and fall times can’t be
discerned. But Q and I can each be
displayed over time and the phase
and magnitude can be calculated
from Q and I at any instant of time.
IfIand Q are digitized, a computer
can do the calculations and then plot
the phase and amplitude versus
time. These plots will give the rise
and fall rates.

Figure 6 displays I and Q versus time
for the simple pulsed RF example
while Figure 7 displays the calculated

TIMEBASEZ4 . 2038 01Y
1-GAINZ 6. 50mvsOlV
Q-GAINZ  6.50mv/Dlv (O

TIMEBASE=4 .203a/DIv | v time

3 PHASE

TIME

phase and amplitude plots. Notice
how the phase temporarily jumps
when the pulse turns on. The change
in power level causes the frequency
of the oscillator generating this
signal to initially change, a phase
lock loop then corrects it. This effect
could uniquely describe this radar’s
signature. The signature can then be
used to identify the radar in EW
systems.

Vector modulation techniques pro-
vide a comprehensive way to
perform radar and EW tests. A vector
diagram can display the modulation
of a carrier in one plot which is easy

TIMEGASEZ 4. 203ue DIV
1-GAINZ 6 50mv/Olv (OFS]

to visualize and comprehend. Phase Figure 6. The I and Q channels versus time
and amplitude envelopes over time  for the simple pulse in Figure 3.

can also be viewed by calculating
them from the I and Q channels, |
and Q channels can also be used to
generate any desired amplitude and
phase modulation.

12
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Figure 7. Phase and amplitude versus time of
the pulse in Figure 3. The values have been
calculated from I and Q values at each
sampling time instant. These plots represent
the radar's signature.
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Vector Modulation Test System
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Figures 2a and 2b on page 8 show
the general block diagram of a practi-
cal vector modulation test system.
The measurement system performs
two basic functions: generating
complex modulated signals and
analyzing complex modulated sig-
nals. Practically all tests will rely on
these two functions. The rest of this
section describes the generation
capabilities of the vector measure-
ment system and then describes the
analysis capabilities. This is followed
by sections which explain tests the
vector modulation test system can
perform.

HP 8780A Vector Signal
Generator

The HP 8780A Vector Signal Gener-
ator forms the heart of the generation
portion of the system. The HP 8780A
is a synthesizer with extensive mod-
ulation capabilities. The HP 8780A
output frequency spans from 10 MHz
to 3 GHz in 1 Hz steps to allow for
testing at most intermediate frequen-
cies. The 2 to 3 GHz range can be
easily upconverted for testing at
microwave frequencies.

The output signal can be modulated
with an internal vector modulator by
providing baseband signals into the
I and Q inputs. In addition to the
arbitrary modulation capability
afforded by the I and Q inputs, spe-
cial modulation functions are
available from the data, burst mode,
scalar, and FM inputs.

The FM can provide peak-to-peak
deviation of greater than 200 MHz
for wideband chirp simulations.

0eE
:5?‘:“2 I
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Figure 8. The HP 8780A Vector Generator.

The burst mode input will pulse
modulate the output. The pulses
have approximately 1 ns rise and fall
times with an on/off ratio typically
of about 50 dB; pulse widths of a few
nanoseconds can be simulated. If a
greater on/off ratio is needed, an
external pulse modulator can be
used. Variable rise time, or arbitrar-
ily shaped pulses are easily obtained
by using one of the analog I or Q
inputs.

The data inputs (TTL or ECL com-
patible) provide a convenient new
way to modulate signals. They can
be used to simulate complex phase
coded pulses quite easily. The data
inputs represent a binary word
which switches the output between
predetermined phase and amplitude
states. The modulation states are
selected by the modulation format
(BPSK, QPSK, 8PSK; 16 QAM)
chosen on the front panel of the HP
8780A. For example, if BPSK is
chosen, a single data input line can
switch the output carrier between
two phase states, 0° and 180°. The
data inputs make it easy to simulate
phase-coded signals such as Barker
codes and Frank codes. Product

Note 8780A-1 contains detailed
information on operating the vector
signal generator.

The HP 8780A Vector Signal Gen-
erator, in conjunction with a data
generator and function generator,
can simulate most types of complex
modulated signals used in radars.
These signals include simple pulse
with no AM to PM distortions,
binary phase-coded signals with
almost ideal phase transitions, chirp,
FM-CW, and several other
polyphase-coded signals. The data
generator typically controls phase,
PRF, and pulse width. The function
generator controls the FM and scalar
inputs. The PRF and pulse width
can also be controlled by running
the clock output of the data genera-
tor through a divider into the burst
mode input. This will set the pulse
width to some multiple of the phase
state width.

The HP 8780A is capable of generat-
ing a much wider variety of signals
than the ones just mentioned. The
analog I and Q inputs can be used
for generating almost any type of
arbitrary modulation desired.

13
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HP 8980A Vector Analyzer
The HP 8980A Vector Analyzer
forms the basis of the analysis por-
tion of the vector modulation test
system. Conceptually the HP 8980A
consists of a specialized, high speed,
2-channel sampling oscilloscope.
The HP 8980A takes I and Q inputs
and displays them over time or in a
vector diagram (Q versus I). The
vector diagram capability sets the
analyzer apart from conventional
oscilloscopes since up to 350 MHz
bandwidth signals can be displayed.
Most scopes have severely limited
X-axis bandwidth when in the X
versus Y mode.

The I and Q inputs are also digitized
with 12-bit resolution, so that the
values can be transferred to a com-
puter for statistical analysis. The
analyzer is therefore very useful for
viewing and analyzing a signal’s
modulation. Phase and amplitude
errors can be very accurately mea-
sured by using the markers con-
tained in the vector analyzer.

The HP 8980A captures data by
sampling repetitive waveforms. This
technique allows pulsed RF signals
with very fast rise and fall times
(<1 ns) or signals with very wide
modulation bandwidths (up to 700
MHz) to be analyzed. Repetitive
waveforms must be used, however.

14
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The specialized functions of the ana-
lyzer make performing measure-
ments quite convenient. Quadrature
error in a vector demodulator can be
quantified and quadrature offsets
can be added to the vector display.
A vector alignment function rapidly
switches the vector diagram display
between Q versus I and I versus Q.

This makes it easy to see quadrature

and gain errors in a demodulator.
Phase shifts can be easily inserted. A
3-D function rotates the display
along the I, Q or time axes.

Usually, the HP 8980A will directly
analyze receiver baseband signals
because most receivers break a sig-
nal down into I and Q channels. For
transmitter tests though, a vector
demodulator must be added to
examine the modulated carrier.

Figure 9. The front panel of the HP 8980A Vector Analyzer.

Pee0c ©°

Block 2 outlines the basic considera-
tions in building a vector demodula-
tor. It should be tailored to the sys-
tem which will be tested.

If phase and amplitude of a signal
versus time are desired, a computer

can calculate them from the dig- ~
itized I and Q signals. These plots
can then be displayed on the com- ~

puter screen,

Overall, the vector measurement
system with the HP 8980A and the
HP 8780A can perform coherent
tests under pulsed, dynamic condi-
tions. The HP 8780A will synthesize
microwave signals with complex
modulation, while the HP 8980A can
precisely analyze the detected mod-
ulation on a carrier. The following
sections describe how to use the
system to make measurements.
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Block 2: Building A Vector
Demodulator

One of the key instruments in a
vector modulation test system is a
demodulator. If the syster under
test doesn’t have one, one can be
built.

Many factors should be considered
when building a demodulator. The
ideal demodulator shown in Figure 4
must contain several other compo-
nents in order to operate accurately.
A practical block diagram of a
demodulator appears above.

The major sources of errors occur-
ring in this demodulator can be
summarized as:

® DC offsets. Any offsets will carry
through to the output. Some method
of controlling or calibrating the off-
sets is needed.

® Quadrature phase. The quadra-
ture hybrid used should split the
phase by precisely 90°, otherwise the
phase imbalance will cause errors.
Different line lengths in the I and Q
channels will also cause quadrature

errors. An adjustable phase shifter or

delay line should be included in the
signal path for calibration. Care
should be taken, though, to make
sure the phase adjustment will be
the same for all the frequencies used
in the demodulator.

VARIABLE
LOW PASS OFFSET GAIN
FILTER CONTROL AMP
™\ I CHANNEL
l/ © QUTPUT
VARIABLE
PHASE
ISOLATOR ISOLATOR SHIFTER QUADRATURE
| — — ﬂ( HYBRID
~~= 4~ ‘_—[_c
8
f COHERENT
—_— LO INPUT
— -~ A
ISOLATOR ISOLATOR VARIABLE
PHASE
SHIFTER
\ | : o Q CHANNEL
o " OUTPUT
LOW PASS OFFSET VARIABLE
FILTER CONTROL GAIN
AMP

® Gain matching. The gain in the
two channels must be matched. The
gain matching can be calibrated by
using a variable gain amplifier or
attenuator in at least one of the
channels.

® Carrier leakage or image frequen-
cies. The input signals will leak
through the mixer into the I and Q
output channels. Second-order
products and images will also leak
through. Good filters at the mixer
outputs will attenuate these signals.
® Impedance matching. The imped-
ance at all the different connections
should be matched as accurately as
possible. This helps reduce ampli-
tude ripple. The isolators in the
block diagram help reduce reflections
caused by impedance mismatches.

® Frequency response of the compo-
nents. Typically, the demodulator
will be used at a fixed frequency,
with signals of a given bandwidth.
All the components should be speci-
fied to operate over the desired
frequency range. A network analyzer
can be used to characterize the
components over the frequency
range.

® The absolute phase is completely
arbitrary in a vector demodulator
and it depends on the total phase
relationship between the refer-
ence carrier and the modulated
input signal. There must be some
way, therefore, of adjusting the
absolute phase of the demodu-
ated I and Q outputs to corre-
spond with the reference used in
the radar’s processing unit. An
adjustable length of line between
the reference carrier and the
quadrature hybrid is an easy way
to accomplish this.

If the demodulator will be used
exclusively with the HP 8980A
Vector Analyzer, the analyzer can be
adjusted to take into account many
of the demodulator errors. For
instance, dc, quadrature phase, and
gain errors can all be compensated
for. This makes accurate measure-
ments possible even when the
demodulator contains these errors.

More information on testing and cal-
ibrating vector demodulators
appears in the “Basic Receiver
Tests” section.
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Basic Transmitter Tests
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The vector modulation test system
just described is ideal for testing
modern coherent transmitters. A
sophisticated test system is needed
to measure the high bandwidth,
complex modulated signals being
transmitted today. This section will
outline tests using the vector modu-
lation system. Examples are given
using some radar signals.

A transmitter needs to have its dif-
ferent components and modules
characterized. Each module should
be adjusted for optimal performance.
Then overall performance of the
transmitter must be characterized.

The power of vector modulation
measurements is that transmitter
tests can be made by just viewing a
waveform. To test the components
or modules, a signal must be input
and then the output signal must be
viewed to see how the signal was
affected. For example, amplifier
modules have many specifications
which describe the degradation a
pulsed signal experiences as it travels
through the amplifier. The specifica-
tions usually include preshoot,
overshoot, undershoot, settling time,
ringing, droop, insertion phase, and
phase ripple.

The insertion phase and phase rip-
ple are important measurements in
coherent systems. The insertion

phase must be taken into account

when generating or processing a
phase code. Measuring the phase
during a very short pulse, however,
can be exceedingly difficult. Many
times a vector system is the only
viable method for measuring the
phase in narrow pulses.

Overall performance tests involve
characterizing the output waveform
of a transmitter. Many times reason-
able guesses can be made about

the source of errors by looking at the
output. The characterization is also
used to verify that the receiver is
matched to the transmitted signal.
Optimum accuracy calculations the
whole radar will operate on must
take into account the non-ideal
nature of the transmitted signal.

Figures 10 and 11, respectively, show
a vector measurement system con-
nected to the IF and RF portions of a
transmitter. The test system can
characterize a signal by recording
the signal’s amplitude and phase
envelopes (amplitude and phase
versus time).

Several examples are given of com-
monly transmitted radar waveforms.
The examples used should cover the
majority of the waveforms being
used today; any others can be char-
acterized using the same techniques.

o
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Figure 10. Vector measurement system for
testing a transmitter at RF. The system will
perform signature analysis of the signal’s
modulation.
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Figure 11. The vector measurement system
testing the transmitter at IF. The RF and IF
fests can be compared to determine the perfor-
mance of the upconversion and amplification.

Let the simple coherent pulse in
Figure 3 represent a transmitted
radar pulse. The sudden incidental
phase distortions on this signal
could cause measurement errors in a
Doppler receiver. If the Doppler shift
of the returned pulse was analyzed
during the phase bump, errors will
result. The sudden jump in phase
would be interpreted as a large
Doppler shift. The radar receiver
designer would need to accurately
know what the transmitted signal
was to avoid these errors. In this
case the radar processor would have
to ignore the pulse data during the
phase bump.

The transmitter designer could be
using a vector display to help adjust
for these sudden phase distortions.
The vector analyzer could be dis-
playing the signal while the trans-
mitter was being adjusted to mini-
mize the phase bump.

Different types of modulation can
also be displayed on a vector dia-
gram. Consider a simple phase-
coded pulse, which has a 13-bit
Barker code on it. The phase shifts
between 0° and 180°. The Q versus I
plot in Figure 12 shows the three
states of the signal: off, 0°, and 180°.
A cluster of dots appears at each
state. By using phase and magnitude
markers, the general range of ampli-
tude and phase fluctuations can be
seen.

VECTOR
Q ve I

2e.oomT/0tv
]
i

TIMEBASE 250 . 00w/ DIV
1-GAINZ 20.00mv/0lV (
Q-GAIN= 1.000 v/0lv [q

S
s)

Figure 12. The vector diagram of a phase-
coded pulse. The three states are displayed
along with the trajectory paths taken between
states. These paths indicate the signature of the
radar.
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Block 3: Estimating Phase and Amplitude Fluctuations from I and Q.

When data lies close to the I axis on a vector diagram, the I channel output
approximates amplitude variations while the Q channel output approximates
phase variations. The result can be derived using differentials.

The I channel output I, equals A/2 cose.

d(loy) = d (%Coscb) = C°25¢ d(A) — —‘;— cind d()

This statement yields the following approximation:

cos¢ _A
) AA 2 sing A¢

Since ¢ = 0 or close to the I axis, cos¢ = 1 and sin¢ == 0. Thus:

AIOut' i % AA orAA = 2A10ut

AIout =

four

AR

When ¢ =0, L, is relatively sensitive to input amplitude fluctuations and
relatively insensitive to phase fluctuations. The I channel operates as a linear
AM detector.

The Q channel output Qg,t, equals A/2 sing.

d(Qou) = d (% sin¢) = i"i‘i d(A) + % coseb d(¢)
sin¢g

which yields:  AQqy =~ 5

AA + —'% cos¢p Ad

For ¢ = 0 or data close to I the axis, sing = 0 and cosdizl. Also, since the data
lies close to the I axis, A/2 = Iy.

AQout

Thus AQout = IoutA¢ or Ap = Tout

Qour

When ¢ = 0, Qq is relatively insensitive to input amplitude fluctuations and
relatively sensitive to phase fluctuations. The Q channel operates as a linear
phase detector.
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In this example, an expedient
method for approximating phase
and amplitude versus time involves
just viewing I and Q over time.
Block 3 shows that when the data is
close to the I axis or the angle is near
0° or 180°, the I channel approxi-
mates amplitude fluctuations, while
the Q channel approximates phase
fluctuations. Using this, one can see
on the display the general magni-
tude of the phase and amplitude
ripples without calculating them
from I and Q. Block 3 shows that the
Q channel magnitude divided by
the I channel magnitude approxi-
mately equals the phase deviation in
radians.

The constellation mode of the HP
8980A Vector Analyzer can also be
used to measure the time of phase
or magnitude deviations. Suppose
you wanted to measure how long
the phase bump in Figure 3 lasted.
You would first switch the vector
diagram to constellation mode. Then
only one dot will be displayed at the
instant the time marker indicates. So
by moving the time marker through
the phase bump you can see what
time it starts and ends.

To get the exact phase and ampli-
tude envelopes, the data from the
vector analyzer must be output to
a computer. There the phase and
amplitude can be calculated and
displayed as shown in Figure 13.

Another example of a common sig-
nal which the vector system can
analyze is a chirp or FM signal. The
vector system can calculate the
instantaneous frequency in a chirp
signal at sub-nanosecond intervals.
A plot of frequency versus time can
be generated. These plots will char-
acterize voltage controlled oscilla-
tors (VCOs) and measure how linear
or nonlinear a chirp is.

AMPLITUDE
111 I 1 | simmbee TIME
PHASE 10 15
!
180°+
00 e J aln ) -
5 10 15 TIME

Figure 13. The phase and amplitude envelopes
derived from I and Q channels of Figure 12.
These plots show the phase code on the pulse.

Consider a pulsed chirp which
enters a vector demodulator at an IF
frequency. The reference to the
demodulator is at the median fre-
quency of the chirp. The vector dia-
gram of the chirp appears in Figure
14. Notice how the signal sweeps
out an arc while it’s on. This hap-
pens because a frequency offset
from a reference is equivalent to a
constantly changing phase:

d6/dt = 2xf or ¢ = [2nf dt

TIMEBASE:xo;oeT-/OIv'

TIMEBASES10. OOue/OIV
J1-GAINT 18.29mv/0OlV [OFS)
G-GAIN= 17.30mv/Olv (OFS)

Figure 14. Vector diagram for a SAW chirp.
The spiral indicates 1) changing phase due to
frequency offsets compared to a CW reference,
and 2) relatrvely slow rising and falling pulse
edges.
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To test the frequency linearity, the
computer calculates the phase from I
and Q, and then taking the deriva-
tive of the phase yields the instan-
taneous frequency. The frequency
envelope (frequency versus time) of
a nonlinear FM signal can also be
derived with this technique. Figure
15 shows the plots of the chirp sig-
nal described above.

Problems do arise, though, when try-
ing to take the derivative of sampled
data. Using sampled data introduces
quantization errors and taking the

I-GAIN= 18.29my/DIv

"1 ve time

I\ AMPLITUDE

TIME

derivative of the data can increase

the errors. Some form of averaging F
must be employed. The HP 8980A
Programming Note (lit. #5954-7342)
explores these issues and suggests
an algorithm which derives fre-
quency directly from the I and Q
data.

The vector measurement system is a
convenient and powerful way to
characterize transmitter signals by
providing a vector diagram of the

signal and calculating the signal
phase and amplitude. The examples

TIME

FREQUENCY

TIME

above are meant to provide an
understanding of the general capa-
bilities of the vector system. The
exact waveforms will be determined
by the transmitter under test. How
the waveform is analyzed depends
on the types of errors occurring in
the unit under test along with the
specific test requirements.

20

Figure 15. Plots related to the chirped signal in Figure 14. The frequency plot was calculated by
taking the derivative of the phase plot. The phase plot was derived from 1 and Q.

D



Basic Receiver Tests
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Figure 16. A vector modulation test system connected to a superhetrodyne receiver. The vector signal generator inputs a signal and the
distortion caused by travelling through the recetver is analyzed with the vector display and a computer.

This section describes many tests
which directly affect the optimum
performance of a receiver. The first
part reviews the test system. Then a
very important test, demodulator
accuracy, is described. Measuring
signal degradation comes next, and
finally some common tests are
discussed. The tests described are
very general and apply to most
types of receivers.

A basic superheterodyne receiver is
used to describe the tests. Figure 16
contains the receiver block diagram
with the vector modulation test
system. The vector demodulator of
the receiver itself produces the
baseband I and Q signals. The I and
Q channels of the receiver feed
directly into the HP 898QA Vector
Analyzer. Care must be taken to
make sure the generator output is

phase locked to the receiver local
oscillators. The technique used in
Figure 16 establishes a phase-locked
loop with the generator’s coherent
carrier output and FM input.

Receiver faults can be isolated by
switching the injection point of the
test signal from the vector signal
generator and switching where the
vector analyzer extracts the signal.
The vector signal generator output
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can be upconverted to provide an RF
test input or it can be directly input
as an IF signal. The RF and IF por-
tions of the receiver can be tested
independently of the receiver demod-
ulator if an external vector demod-
ulator is supplied as in Figure 17.

The vector modulation test system
will examine most of the RF and
baseband portions of a receiver. The
digital processor of the receiver is
one section the vector system isn’t
optimized to test. The following
paragraphs discuss some of the tests
necessary in the analog portions of
the receiver.

Demodulator Alignment

Probably one of the most important
tests needed on all coherent
receivers is aligning and measuring
the performance of the demodulator.
Phase and gain errors between the I
and Q channels, nonlinearities, and
dc offsets cause the most problems.
The I and Q channels must be split
by precisely 90°, and have the same
gain, otherwise these quadrature
errors will result in a spurious signal
at the image frequency of the input
signal. The spurious signal could be
interpreted as a false target or mask
real targets. Clutter rejection effec-
tiveness will also be reduced since
images of the clutter returns will be
produced.
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Figure 17. Basic block diagram of a vector measurement system and receiver. Just the

receiver RF and IF sections are being tested.

Nonlinearities in the demodulator
mixers or amplifiers also result

in spurious signals. Reference [1]
analyzes the magnitude of these
errors. These errors typically aren’t
as significant as quadrature errors
unless the input signal level
approaches the 1 dB compression
point of the components.

Any dc offsets will add a signal at a
zero Doppler shift. The I/Q detectors,
track-and-hold amplifiers, and A/D
modules all exhibit dc offsets which
can become significant at low signal-
to-noise levels.

When choosing components for a
demodulator, many factors should be
kept in mind. Block 2, “Building a
Demodulator,” page 15, lists the
main factors. A variable phase shifter
and gain control should be in at
least one of the channels, along with
offset controls for alignment.

The demodulator can be aligned
using several methods. To measure
dc offsets, the demodulator should
be turned on with the input
terminated into a matched load. The ,
output measured will be the dc d
offset. The vector analyzer is
connected with high impedance
probes to the I and Q channels right
before the A/D modules. The HP
8980A display should be in the Q
versus I display mode. Ideally, one
dot will appear on the display at the
origin, but if there are dc offsets, the
dot might appear off center. The
demodulator should be adjusted
until there is no magnitude on either
channel or the dot appears at the
origin. This test accounts for dc
offsets before the A/D module. To
complete the test, the output of the
A/D should be monitored. Any
output corresponds to dc offsets
caused by the A/Ds and they should
be aligned accordingly.
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Gain and quadrature errors can be
tested together with one procedure.
Probably the easiest method of
alignment uses the HP 8780A Vector
Signal Generator to input a
quadrature-phase-shift-keyed
(QPSK) signal into the IF of the
receiver demodulator. Figure 18
shows this test setup. The HP 8780A
internally generates the two data
signals need for a QPSK signal. The
HP 8980A Vector Analyzer should be
connected to the I/Q channels right
before the A/D modules. The display
is in the Q versus I mode.

Ideally during the test, four clusters
should appear on the display form-
ing a square centered at the origin.
The QPSK signal switches between
four phase states of equal amplitude.

If there is a gain error in the demod-
ulator, a rectangle will be displayed
instead of a square. If there is a
phase error, a parallelogram will be
displayed. If both errors occur, a
parallelogram will also be displayed.
While viewing the display, the phase
and gain controls of the demodula-
tor should be adjusted until the dis-
play shows a square. The vector
alignment function of the HP 8980A
makes it easy to determine how well
the display is a square. Since the
function switches between Q versus
I and I versus Q, the corners of the
displayed signal will change position
if a perfect square isn’t being
displayed.
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Figure 18. Calibrating a vector demodulator. The HP 8780A Vector Signal Generator inputs a

test signal while the HP 8980A Vector Analyzer displays quadrature, gain, and dc errors. The
demodulator can then be adjusted while watching the result on the vector display.
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Figure 19. A QPSK signal on a vector display. .
The clusters form a square indicating the
demodulator is in quadrature. The corners of
the square determine the different signal states
when the pulse is on. The lines represent the

transitions befween states.

Figure 20. A QPSK signal will appear as a
rectangle for gain mismatches in the I and Q
channels.
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Figure 21. With both phase errors or both
phase and gain errors in the demoduiator, the
QPSK signal appears as a parallelogram.

The sides of the square need not be
parallel to the Q and I axes, since the
angular position of the square is
defined by an arbitrary phase shift
between the radar’s demodulator
reference and the QPSK signal. The
phase offset control of the HP 8980A
can make the alignment easier by
rotating the square to line up with
the I and Q axes.

The HP 8980A Vector Analyzer will
directly calculate quadrature error
from a QPSK signal if there aren’t
significant gain mismatches. The
vector analyzer displays the quadra-
ture error in degrees at the bottom
of the screen.

If a QPSK signal isn't available,
another method can be used for
demodulator alignment. Input a

CW signal, which differs from the
demodulator reference frequency by
a few hertz, into the demodulator IF
port. A perfect circle should appear
on the display, since the frequency
shift from the reference causes a
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constant phase change while ampli-
tude remains constant. Here,
amplitude and phase errors will
cause an ellipse. The demodulator
controls can now be adjusted until a
circle appears on the display. The
HP 8980A magnitude marker will be
helpful when doing this. The marker
draws a circle on the screen which
can be used as a reference, or the
vector alignment function can be
used as before.

It will not always be possible to
eliminate all the dc offset, gain, and
phase errors through alignment.
When some of these errors remain,
the receiver digital processor should
calibrate them out in software. To do
this the errors must be accurately
quantified. The HP 8980A Program-
ming Note outlines an algorithm to
run on a computer which estimates
best-fit values for the errors.

The error values can be measured

TIMEBASEZY . 27Bues D1V
1-GAINZ 3IO.64mv/DiVv (O
Q-GAIN= 30.64amv/Olv { . ) ,
Figure 22. Vector diagram when a CW input
to the demodulator has a frequency offset from
the reference input. A constant frequency shift
causes a constant phase change, which then
plots a circle on the display. The display also
represents a Doppler shifted return.

without having to use a computer. A
computer has been used in the past
because of the difficulty in separat-
ing the quadrature errors from gain
errors.

Suppose the vector analyzer dis-
plays an ellipse. A quadrature cor-
rection value should be added to the
display with the HP 8980A Quadra-
ture function. When the ellipse
major and minor axes line up with
the I and Q axes, then the quadra-
ture error has been totally offset.
Thus, the value of the inserted
quadrature correction is the error in
the demodulator. Now only a gain
error remains. This can be measured
with the I and Q amplitude markers.

YIMEBASEST .276.e/01V
1-GAINZ 30.64mv/0Dlv (0FS)
Q-GAINZ 30.64mv/Dlv (OFS)

Figure 23. The vector diagram of a frequency
offset will change from a circle to an ellipse
when there are gain and phase quadrature
errors in the demodulator.
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With the errors quantified, I and Q
signals with errors can be modeled
as follows:

Im(t) = A(1+e)cos(f) + a
Qu(t) = Asin(6+¢) + b

where:

e = Gain imbalance in %/100
a,b = dc offsets
¢ = Quadrature phase error.

The receiver’s digital signal proces-
sor can eliminate these errors by
performing the following matrix
operation:

1
le| |17¢ 0 |{lm=2
=\ Im—a . Tang _1
Qc Qm-b 1+e cosed Qm—b

I. and Q. are the corrected I and Q
values.

If the processor of the receiver under
test performs this operation, it might
be desirable to view the I and Q
channels without the phase, gain,
and dc errors since they won't

show up in the final receiver output.
The display, basically, can take into
account calibration procedures in
the receiver’s digital processor.
Overall, the vector test system pro-
vides a relatively easy way to test
and align a demodulator.

Signal Degradation

After the demodulator has been
aligned, the test system can show
how a signal degrades when travel-
ing through the whole receiver path.
One method of approaching testing
of complex modulation uses an
idealized signal as the front end
input and then looks to see how the
receiver degrades the signal. The HP
8780A in the measurement system of
Figure 16 can be used to input ideal
complex modulation signals into the
receiver at RF or IF. The HP 8980A
will then display the signal after it
travels through the receiver. Degrad-
ations of the signal will become
visible.

Measuring phase degradation in the
receiver is as important as measur-
ing phase degradation in a transmit-
ter. Phase distortions, as mentioned
in the transmitter section, can cause
Doppler processing errors, reduce
the effectiveness of pulse compres-
sion, cause errors when reading
phase tagged signals, and degrade
the angular resolution of synthetic
aperture radars (SARs) and mono-
pulse radars.

The causes of degradation can be
isolated by looking at the signal at
different points in the receiver. If it
is necessary to look at the signal
before it is split into I and Q chan-
nels an external demodulator can be
used to*provide I and Q. The types
of degradation that should be looked
for depend on the system under test
and what types of problems the sys-
tem is having. Some examples are
discussed on the following page.
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AM-PM and AM-AM

AM-PM and gain compression can
both be measured in one convenient
test with a vector modulation test
system. The setup in Figure 16 uses a
QPSK test signal. The output power
level of the vector signal generator is
varied by injecting a triangle wave
into the scalar input. Figure 24
shows the vector analyzer display of

Q OFFSETE

8 .5¢mv’

Lttt o

B-GAIN: 14 . S6mv/OlV (OFS) | 3 i
Figure 24. The vector diagram of a Q.°SK
signal with the amplitude varying and no
amplitude or phase distortions.

APHASE= '-4.9°
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Y IMEBASES? 27D
1-GAINZ 30.55mv/UTv—Q
Q-GAINZ 31.15mv/OIV (OFS)

Figure 25. As the input power to the receiver

is increased, gain compression and phase shifts
occur. These errors can be easily measured
with the magnitude and phase markers of the
HP 8980A Vector Analyzer.
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this signal for a low power level.
Increasing the power level causes
compression in different receiver
components. The gain compression
and the phase distortions caused by
the gain compression can be seen
and measured on the vector display.
Figure 25 shows how these would
be measured with the markers.

The QPSK signal is used since the I
and Q channels might have different
AM-AM and AM-PM distortions for
positive and negative voltages. A
QPSK signal displays the four com-
binations of positive and negative
voltages between the I and Q chan-
nels, so any differences can be
readily seen.

Figure 26 shows the same test, but
instead of sweeping the output
power of the vector signal generator
the power is switched between two
different levels. One of the power
levels can be set for 1 dB compres-
sion to make a fast measurement of
the phase and gain errors at this
point.

Figure 26. The HP 8780A Vector Signal
Generator swifches the output between two
amplitude levels. The outer level is set to the

1 dB compression point to measure the AM-PM
conversion.

Standard Tests

The vector modulation test system
was designed to measure complex
phase and magnitude. The vector
test system, however, can also per-
form many standard tests.

For instance, to measure tangential

signal sensitivity, the generator

pulse amplitude can be reduced to

the appropriate level while viewing

the signal versus time on the dis-

play. Dynamic range can be tested

in the same fashion. The 50 pico-

second time resolution of the vector
measurement system allows time

delay and jitter to be tested quite
accurately. The receiver response

delay can be measured for a range of
different input frequencies and o
power levels. Sample timing can be
critical. If the sampling instant
occurs before settling, errors will
result. If sampling occurs too late,
the pulse could be missed entirely.

Testing the performance of the over-
all receiver including the processor
is done by supplying an input signal
with the HP 8780A Vector Signal
Generator to exercise as many func-
tions of the radar as possible. In this
case, the receiver’s readout displays
the measurement result. Shifting the
generator frequency will measure
the Doppler velocity accuracy and
resolution. Delaying the burst mode
trigger signal will measure the range
accuracy, while using several narrow
pulses will reveal the range
resolution.

Another important test, gain and
phase tracking of different paths, is
discussed in the Specific Receiver
section under Monopulse.
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Advanced Receiver Tests
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Receivers are usually tested under
both idealized conditions and real
environment conditions. The pre-
vious section outlined tests under
idealized conditions. This section
will outline a concept for testing a
receiver with real environment
signals.

Several methods exist for making
real environment tests. These
include testing out in the field, test-
ing in an anechoic chamber with
complex arrays of equipment which
simulate an environment, or simu-
lating an environment on a compu-
ter. The last method doesn’t use the
receiver in the test — it only pre-
dicts the receiver performance.
Field testing and using an anechoic
chamber are expensive alternatives
to computer simulations. They also
are elaborate, and time-consuming
to set up.

The HP 8780A Vector Signal Genera-
tor could be used in many instances
as part of an environment simula-
tion. A technique is needed though
for generating the many different
phase and magnitude modulations
present in radar signals. The HP
8780A has the capability to be arbi-
trarily modulated with I and Q
inputs. The phase and amplitude of
the desired output signal must be
described at every time instant. The

| I and Q input signals must be calcu-

lated using the formulas in Block 1
to give the desired phase and mag-
nitude of the output signal. These
calculated I and Q components can
be fed into the HP 8780A Vector
Modulator. -

A system which utilizes a vector
modulator might be configured as in
Figure 27. The memories contain the
calculated values of I and Q which
will give the desired signal. The
D/A’s convert the digital data from
the memories into the analog I and
Q inputs to the vector modulator.
Two HP 8770A Arbitrary Waveform
Synthesizers could provide the
memory and D/A’s.

Several major factors would limit a
system such as the one in Figure 27;
D/A resolution (number of bits),
memory speed, D/A speed, and
memory size. The rate by which
data can be transferred from the
memory and converted into analog
signals determines the ultimate
modulation bandwidth of the RF
signal. The modulation bandwidth
would have to be close to the band-
width of the signal to simulate real
environment conditions. The size of
the memory limits the diversity and
complexity of the signals which can
be simulated. Also the memory size

[4
[, COMPLEX RADAR
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Figure 27. This system could potentially
simulate different environmental radar returns.
Possibilities include clutter returns, target
returns, glint and scintillation effects.

limits the length of the signal and
consequently the lowest Doppler
shift that can be simulated.

Other factors which limit the system
capabilities include quadrature accu-
racy of the modulator, stability and
phase noise of the carrier source,
and synchronization of the two D/A
outputs. The 50 dB pulse on/off ratio
of the HP 8780A might also be a
limitation.

The potential exists for the simula-
tion of many real world conditions.
The conditions could include clutter
returns from a variety of terrains,
target scintillation, glint, and others.
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Specific Receiver Tests
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Figure 28. This monopulse receiver converts the amplitude measurement of the two channels into a phase measurement for processing.

Most receiver test measurements
apply to all of the different types of
receivers. Some receivers, however,
require unique tests. This section
will describe a few specific test mea-
surements which apply to three
types of receivers: monopulse,
instantaneous frequency measure-
ment, and compressive. The tests
described may apply to other types
of receivers than just the ones men-
tioned. Thus, the reader might want
to skim this section even if it doesn’t
include a certain desired receiver

type.

Monopulse

Monopulse receivers calculate the
direction of a target off boresight by
comparing either the amplitude or
phase between the sum and differ-
ence channels from a multiple-feed
antenna system. The receivers usu-
ally have several signal paths where
the phase and magnitude between
the paths must be matched. A vector
measurement system is well suited
to perform the special testing that
monopulse processing requires.

28

Amplitude Monopulse

A simple block diagram of an ampli-
tude monopulse receiver appears in
Figure 28. This monopulse receiver
makes an initial amplitude measure-
ment but then converts it into a
phase measurement!2l. Another type
of monopulse makes a direct ampli-
tude measurement by dividing the
difference channel by the sum
channel and deriving the direction
of the target from the ratio. The
monopulse receiver in Figure 28 will
be used as an example because it
requires more sophisticated testing.
Phase accuracy, in addition to gain
accuracy, must be measured.

The antenna horns of this radar are
spaced very closely so there are no
phase offsets between the sum (%)
and difference (A) channels. The X
and A channels should either be in-
phase or 180° out-of-phase. Any
phase differences introduced by the
receiver between the channels will
directly cause errors at the output.
Gain errors between the channels
will also cause errors at the output.
The gain and phase matching of the
channels must be tested and mea-
sured. These measurements are sim-
ilar to the quadrature accuracy ones
described in the previous section.
Instead of testing at baseband, the
testing is done at IF and the chan-
nels should be in phase, not 90° out
of phase.

2
B
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Figure 29. The vector measurement system here tests the phase matching of the sum (%) and difference (A) channels.

Figure 29 shows how a vector sys-
tem could be configured to test the
phase matching right before the sig-
nals enter the detector. The two
channels are fed into a vector
demodulator with one channel
going into the RF input and the
other channel going into the refer-
ence input. The demodulator finds
the phase difference between the
inputs. The HP 8980A Vector Ana-
lyzer in this case should just show a
dot along the I axis which represents
no phase difference.

To observe the channels 180° out of
phase, the generator should be
switched from the A input of the
receiver to the B input. The 180°
hybrid will split the signal and
reverse one of the channels. The dot
on the vector display will stay on
the I axis but it will switch to the left
of the Q axis, thus representing a
180° phase difference.

If there are any phase errors, the dot
on the display will not lie on the I
axis. Phase markers can be used to
measure the value of the error angle.
The vector modulation test system
during this test doesn’t actually find
the phase of the receiver signals, it
only compares the phase in the dif-
ferent channels. Phase transients
during the pulse on/off transitions
aren’t displayed. These transients
don’t cause problems if each channel
responds the same way or is
matched.

Gain mismatches between the sum
and difference channels cause errors.
If the IF of the radar is within the
350 MHz bandwidth of the vector
analyzer, the gain match can be
measured directly. The two channels
are fed into the analyzer and the
amplitudes of the channels can be

viewed and compared over time. If
the radar IF is above 350 MHz, the
demodulator can downconvert them
and then each channel can be mea-
sured separately on the vector dis-
play. The radar IF signal could also
be downcoverted to under 350 MHz
and displayed directly over time
without using a demodulator.

The vector modulation test system
performs the test with good time
and amplitude resolution, thus
errors due to gain mismatches can
be accurately quantified.

The detector portion of the ampli-
tude monopulse receiver can be
tested by inputing phase-matched
signals into the % and A channels
and varying the amplitudes. The
output of the detector can then be
compared to the ratio of the inputs
to verify the correct response.
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In the monopulse detector of Figure
28, the 3, and A channels are com-
bined in quadrature. The sum, or D,
channel’s phase difference from the
2 channel determines the target
direction.

The phase matching accuracy must
be tested. As before, the two chan-
nels feed into a demodulator and the
HP 8980A Vector Analyzer displays
Q versus I. The phase difference
between the D and % channels will
cause a dot to appear off the I axis.
An angle marker can then be used to
determine the difference phase of
the channels. The correct phase dif-
ference must be calculated by taking
the inverse tangent of 3/A. All the
possible angle offsets will be mea-
sured by letting the difference chan-
nel, 4, vary from 0 to 3.

Gain can be measured separately on
each channel as before. Although it’s
not as important to measure the
gain tracking of the D and 3 chan-
nels, AM-PM conversions can cause
problems. Thus the channels usually
go through limiters to equalize their
amplitudes.

Phase

O BN e

Monopulse

A phase monopulse receiver oper-
ates on a slightly different principle
than an amplitude monopulse. The
antenna horns are placed farther
apart so there will be a phase differ-
ence between the signals picked up
by each horn when the target is off
boresight. Figure 30 shows how the
phase between the received chan-
nels relates directly to the angle of
the target off boresight when a con-
stant frequency pulse is received.

The vector modulation system in
Figure 31, which is connected to a
phase monopulse receiver, shows
how different angular returns can be
simulated with the HP 8780A. The
test is done with CW signals. The
angular difference between the RF
output of the HP 8780A and the
coherent reference can be arbitrarily
controlled with the 2-state function.
Adjusting the phase simulates dif-
ferent angles of arrival.

Each of the'two channels in this
phase monopulse radar has a vector
demodulator. Thus, there are two
sets of I and Q channels which are
digitized and sent to a processor.
The processor calculates the phase
difference from the two I/Q pairs.

In this system, the two channels in
the RF and IF portions of the
receiver need to be phase matched.
Gain matching might also be valua-
ble to ensure the components are
operating with similar power levels.

\Z
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The HP 8980A Vector Analyzer can
also be used to visually adjust and
calibrate the channels. For this test,
shown in Figure 31, the HP 8780A
Vector Signal Generator injects the
same test signal into each antenna.
The two I signals at the receiver
output are applied to the vector ana-
lyzer. The test signal frequency is set
several hertz higher than the
demodulators’ reference frequency.
Thus two identical sine waves
should come out of the I channels.

The vector analyzer will display a
line at 45 degrees if the channels are
phase and gain matched. An ellipse

- BB \ill be displayed for a phase mis-

X match and the line won't be at 45

FILTER degrees for a gain mismatch. The
user can then adjust the channels

*\,EGOR . while viewing the display to opti-

DEMODULATOR

mize the phase and gain matching.

Q The Q signals should also be com-

i pared to see if they are matched.
VECTOR v

v/

FRONT
END
COMPONENTS

Figure 31. A phase monopulse receiver is being tested for phase matching between the channels.
The delay between the returns is varied and then the phase offset can be observed at several points

within the receiver.

The measurements can be rnade
using the technique described for an
amplitude monopulse, but the I and
Q signals in the teceiver can be
used directly. The HP 8980A Vector
Analyzer can display the angular
and gain differences between the
channels by switching its inputs
between the two I/Q pairs. This
would give quantitative values for
the mismatches.

DEMODULAMOR[5——"—"  The monopulse tests described

involve measuring the phase and
gain tracking of two different sig-
nals. The vector measurement sys-
tem is well suited to make these
tests. The techniques can be applied
to a variety of receiver types but
they do apply directly to monopulse
receivers.

When making these measurements
it’s important to first calibrate the
demodulators as described in the
“Basic Receiver Tests” section.
Otherwise, you will be measuring
the combined phase and gain mis-
matches of the demodulators and
the RF and IF channel paths.
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Figure 32. Digital instantaneous frequency measurement (DIFM) receiver.

Instantaneous Frequency
Measurement (IFM)

IFM receivers detect a signal’s fre-
quency by measuring its phase
change through a delay line. The
receiver splits the incoming signal
and passes one channel through a
delay line. The frequency of the sig-
nal is then derived by comparing
the phase difference between the
channels.

A block diagram of a general IFM
receiver, with three frequency dis-
criminator modules, appears in Fig-
ure 32. Each discriminator module
has a different length delay line.
Using several discriminators instead
of just one allows the receiver to
achieve wider frequency coverage
and higher resolution. Each discrim-
inator outputs a sine and cosine
function of the phase change intro-
duced by the delay line. Both the
sine and cosine outputs are neces-
sary in order to separate the signal
amplitude and phase. Reference [3]
contains a detailed discussion on
IFM’s.

The sine and cosine discriminator

outputs provide a logical place to

test the receiver with a vector mea-
surement system. With the sine out-

put connected to the Q input of the ‘
HP 8980A Vector Analyzer and the @
cosine output connected to the I /
input, the angle can be read directly

from the vector display in Q versus 1

mode. The phase accuracy can then

be measured to make sure it falls

within the range set by the resolu-

tion of the analog to digital conver-

ter. The HP 8780A can be used as’

the frequency input. The frequency

can then be varied in order to test

the receiver over its specified fre-

quency range. The discriminators

with the longer delay lines will have

their angle output change faster

with a changing input frequency.

The rate of change of the output

angle versus the input frequency

can be seen by varying the input

frequency and measuring the rota-

tion of the dot on the vector

analyzer.
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The vector diagram will show
directly any phase errors at the out-
put of the discriminators. Several
major causes of errors are noise,
intermodulation products from the
limiting amplifier, quadrature accu-
racy in the discriminators, matching
of power splitters, and simultaneous
signal returns. The discriminators
introduce errors when they receive
more than one signal. The extra sig-
nals usually come from the antenna
picking up multiple transmissions.
The discriminator will also see extra
signals caused by intermodulation

products of the limiting RF amplifier.

More than one generator can be
used for simulating multiple signal
returns while raising the power level
of the generator can cause the RF
limiting amplifier to output inter-
modulation products.

The discriminator usually employs
several quadrature hybrids and
power splitters. The quadrature
accuracy of the hybrids must be
tested along with the power match-
ing of the splitters. Both power split-
ting mismatches and quadrature
errors will cause inaccuracies in the .
phase measurements. The proce-
dures for these tests are the same as
for the phase and gain channel
matching described above in the
monopulse receiver section.

FREED

In the IFM receiver, similar to an
amplitude monopulse receiver, the
absolute phase of the transmitted
signal isn’t significant but the phase
changes occurring within the
receiver are. Thus a coherent test
system such as a vector test system
is required to perform a thorough
analysis under pulsed conditions of
the receiver operation.

Compressive

Compressive receivers will break a
signal down into its spectral compo-
nents for EW purposes. The typical
method used will downconvert an
incoming signal with a swept local
oscillator. Then the signal will travel
through a frequency dependent
delay line. The time when the signal
exits the delay line indicates the fre-
quency. The amplitude of the signal
exiting the delay line indicates the
energy contained in that frequency
component of the signal. Basically,
the compressive receiver performs a
multiply-convolve function which
derives frequency from the time a
signal comes out of the receiverl4.
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Figure 33. The output of a compressive
receiver for a simple pulsed input.

The time measurement capability of
the receiver must be tested for its
accuracy; since errors there will
result in the wrong frequency being
recorded. A vector measurement
system can make a contribution to
this test because of the 50 picosec-
ond time resolution available. The
HP 8780A Vector Signal Generator is
used to input constant frequency
pulses into the receiver. The

HP 8980A Vector Analyzer can then
measure the time delay of the output
from the delay line by triggering off
the generator’s pulse mode input.
The delay can then be read directly
from the display.

These results can be compared to the
final output of the receiver, which
indicates the frequency of the signal.
The processor then is tested to make
sure the frequency measured corre-
sponds to the time delay the vector
analyzer measures. The resolution of
the system can also be determined
in this manner. The test is similar to
measuring the delay through a
generic receiver mentioned in the
““Basic Receiver Tests” section.
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Anechoic Chamber and

Radar Range Measurements

A vector modulation system can
make many contributions to anech-
oic chamber and radar range sys-
tems. These systems make mea-
surements under tightly controlled
conditions with precisely controlled
test signals. The HP 8780A Vector
Signal Generator can provide the
test signals with the modulation
needed.

Many times, anechoic chambers or
radar ranges are used to perform
closed, hardware-in-the-loop tests.
These tests simulate the scenarios a
radar or EW system will operate in.

Figure 34 shows a closed, hardware-
in-the-loop test for characterizing
the flight performance of a missile
guidance system. The test simulates
the different received radar pulses
the missile would see in an actual
combat situation. The guidance sys-
tem decides which way to turn the
missile based on the radar return.
The next radar return then is deter-
mined by which way the missile
turned. Thus, the test system forms
a closed feedback loop.

The test system transmits a radar
pulse to the missile receiver. The
missile then decides which way to
turn. The decision is sent to a com-
puter which calculates what the
modulation of the next radar pulse
return should be. The Doppler shift,
magnitude, phase offset, and time
delay are all calculated by the com-
puter based on the relationship of
the missile and target. The computer
sends the modulation in the form of
digital I and Q values to two D/A’s,
where analog I and Q values are
generated as inputs to a vector
modulator.
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Figure 34. A closed hardware-in-the-loop test
system. The HP 8780A Vector Signal Generator
provides the 1/Q modulator which allows the
amplitude, phase, and frequency of the signal
to be varied. The computer continuously calcu-
lates the Doppler shift, time delay, and
amplitude of each pulse in terms of 1 and Q
modulating signals.

The HP 8780A Vector Signal Genera-
tor includes both a vector modulator
and synthesized frequency source
and can thus provide an off-the-
shelf instrument for closed loop test-
ing. The vector signal generator can
also provide a source for open loop
testing in anechoic chambers and
radar ranges. It could be used to
simulate a variety of threat signals
for EW receiver testing and to illum-
inate a target for target classification
measurements.

The HP 8980A Vector Analyzer can
also be included in an anechoic
chamber or radar range when repeti-
tive signals are used. The vector
analyzer provides a visual display of

a signal and can also collect I and
Q data.

The vector analyzer can provide a
visual display of a signal’s polariza-
tion. For instance in Figure 35, the
two antennas receive vertically and
horizontally polarized waves. The
received signals are coherently
downconverted to a few megahertz.
These two signals are then used as
the I and Q inputs for a vector dis-
play of the polarization. Linear
polarization will appear as a straight
line, circular polarization will appear
as a circle, and elliptical polarization
will appear as an ellipse.
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Figure 35. Displaying a signal’s polarization
with the HP 8980A Vector Analyzer.




Summary

Modem radar and electromc warfare

systems now utilize the phase infor-
mation of waveforms. Controlling a
transmitted signal’s phase, and
processing the phase of a received
signal have added a new layer of
capability and complexity to
systems.

The added complexity has put a
greater burden on testing instru-
ments. Simple pulse techniques are
no longer sufficient to characterize
the modern radar and electronic
warfare systems. New testing tech-
niques are needed.

Some techniques currently being
used were reviewed but they have
major drawbacks.

A new approach, using a vector
modulation system has been intro-
duced. It overcomes the drawbacks
of the other test techniques and
provides the capabilities needed to
test modern coherent radar and EW
equipment, by performing coherent
tests under pulsed, dynamic condi-
tions. General test procedures were
discussed and tests were listed for
some specific receivers and
applications.

Hopefully the reader now has a clear
idea of the concepts behind a vector
modulation system and realizes the
power it affords. A vector modula-
tion system overcomes many limita-
tions of previous test systems and
allows a user to test his system for
maximum performance.
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