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Abstract—This paper presents an intermodulation distortion
measurement system based on automated feedforward cancella-
tion that achieves 113 dB of broadband spurious-free dynamic
range for discrete tone separations down to 100 Hz. For 1-Hz
tone separation, the dynamic range is 106 dB, limited by carrier
phase noise. A single-tone cancellation formula is developed
requiring only the power of the probing signal and the power
of the combined probe and cancellation signal so that the phase
shift required for cancellation can be predicted. The technique is
applied to a two-path feedforward cancellation system in a bridge
configuration. The effects of reflected signals and of group delay
on system performance is discussed. Spurious frequency content
and interchannel coupling are analyzed with respect to system
linearity. Feedforward cancellation and consideration of electro-
magnetic radiation coupling and reverse-wave isolation effects
extends the dynamic range of spectrum and vector analyzers by
at least 40 dB. Application of the technique to the measurement of
correlated and uncorrelated nonlinear distortion of an amplified
wideband code-division multiple-access signal is presented.

Index Terms—Broadband, dynamic range, measurement, non-
linear vector signal analyzer, passive intermodulation distortion
(PIM).

1. INTRODUCTION

NTERMODULATION distortion can be the limiting factor
I in the performance of high-dynamic-range communication
systems. Although the active components in the system are de-
signed to meet distortion specifications, often passive compo-
nents such as transmission lines, filters, combiners, and antennas
in the transmit path produce additional distortion after the active
components that is difficult to remove. This type of distortion
resulting from passive components is known as passive inter-
modulation distortion (PIM). Two-tone testing is conventionally
used to characterize and identify the sources of nonlinear dis-
tortion. Characterizing distortion from linear components often
requires the measurement of distortion 100 dB or more below
the level of applied discrete tones that can be separated by only a
few hertz. Measurement when the tones are separated by a few
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hertz is required to distinguish the sources of PIM, e.g., elec-
trothermal PIM, nonlinear junction effects, and tunneling [1],
[2].

In a nonlinear distortion measurement system, large stimulus
tones are typically applied to the device-under-test (DUT), and
nonlinear distortion components are generated at much lower
power levels than that of the original tones. The original stim-
ulus must be removed from the signal measured at the output of
the DUT before reaching the receiver, otherwise the DUT’s dis-
tortion would be masked by distortion generated in the receiver
[3]. To reduce both the stimulus signal and large noise levels si-
multaneously without effecting the distortion products, filtering
or active feedforward techniques [4] are needed to suppress the
stimulus signal.

High-dynamic-range measurement systems based on filtering
typically use diplexers or notch filters to remove distortion com-
ponents from sources and amplifiers before application to the
DUT. A second filtering stage then removes the stimulus signal
before final measurement of the output distortion components
by a spectrum or vector analyzer [5]. This scheme, imple-
mented in commercial PIM measurement systems, has the
highest achievable dynamic range, but it cannot be used with
closely spaced excitation tones because of the finite roll-off of
the filters.

Several feedforward cancellation systems for cancelling dig-
itally modulated signals have been reported [6]—[8]. These sys-
tems need to be mechanically tuned or optimized. This paper
presents the design of an automated feedforward measurement
system with high dynamic range which is inherently broadband
and which allows measurement with closely spaced signals. In
a feedforward measurement system, there will be a difference
signal which could be used in a traditional iterative loop to
cancel the excitation tones. This was tried, but the extent of can-
cellation is limited as there must always be an error signal which
tends to vary randomly in time although at very low levels. In
the measurement system presented here, a predictive formula is
used to calculate the phase shift required to automatically cancel
a signal based only on the power of the applied signal and of the
combined feedforward and applied signals.

The system uses digitally controlled vector modulators in a
bridge to suppress the original probe stimulus at a chosen refer-
ence plane. The effect of active system components on the lin-
earity of the DUT and cancellation system paths are analyzed.
System design parameters are presented based on interchannel
coupling and reflected signals. When a two-tone measurement
scheme is used, the system achieves 113-dB broadband dynamic
range at and above 100-Hz tone separation, reducing monotoni-
cally to 106 dB at 1-Hz tone separation. Previously, the authors
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described a high-dynamic-range distortion measurement system
with 95-dB dynamic range in windows between spurious tones
resulting mainly from switching power supplies [9]. In the pre-
vious system, the dynamic range was limited by electromag-
netic coupling between cables, by noise incoherence, by spu-
rious tones from switching power supplies of sources, and by
spurious tones from ac power supplies. All of these issues have
been addressed in the present system.

The theory of feedforward cancellation in a high-dynamic-
range measurement system is presented for discrete tones. Pre-
distortion of the phase and amplitude of the original signal(s)
is presented as an effective method of cancelling nonlinear ef-
fects separate from the DUT including spurious frequency con-
tent, distortion content, and group delay. The description of the
cancellation theory and system implementation is presented in
Sections II-IV for a two-tone stimulus signal. An application
of the technique for broadband modulated signals is demon-
strated in Section V for the characterization of distortion with
a WCDMA signal.

II. FEEDFORWARD CANCELLATION THEORY

Feedforward cancellation relies on feeding forward an anti-
phase, equal amplitude version of the signal to be cancelled. The
feedforward signal and original signal are then summed and de-
structively interfere at a reference plane. Signals not related to
the feedforward signal are unaffected by the destructive inter-
ference. This makes feedforward cancellation an attractive tech-
nique for measuring weak intermodulation distortion resulting
from discrete-tone signals having narrow tone separations. The
amplitude of the feedforward signal must be equal to the probe
signal, after the DUT, for cancellation to occur at the refer-
ence plane. In this section, a method to predict the phase of the
feedforward signal necessary to provide cancellation at a refer-
ence plane, under the condition of equal amplitude feedforward
and probe signals, is discussed. The equality of signal ampli-
tude is guaranteed through self-characterization of feedforward
channel transmission loss in the developed system.

The process of cancelling a signal is mathematically a simple
one, requiring only the summation of that signal with an equal
amplitude anti-phase signal at the same frequency. However,
nonidealities such as small imbalances in amplitude, phase, and
group delay must be considered [10]-[13]. Amplitude and phase
imbalance, o and A, respectively, limit the depth of cancel-
lation achievable, while group delay imbalance limits both the
depth and bandwidth of cancellation [10]-[14]. Cancellation
performance C), is described by

Cp =
10log <1+a2—2acos (27r SAN (1—%) +A¢>> (1)

C

where A\ is the difference in wavelengths between the two
paths normalized to the wavelength of the center frequency f.
and f is the frequency of operation. Mismatch of the group delay
between feedforward and DUT signal paths affects cancellation
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bandwidth due to the deviation of phase shift between the feed-
forward and signal paths. This occurs when the frequency shifts
away from the center frequency of cancellation. The limiting
effect of group delay on the cancellation depth results from the
degree of delay mismatch. As the difference in delay grows, so
does the rate of phase mismatch with increasing separation from
the center frequency. Group delay can be matched to a level ac-
ceptable for bandwidth requirements according to (1). Under
these conditions, the phase shift and amplitude necessary for
cancellation must be obtained.

The amplitude of the feedforward signal necessary to cancel a
probe signal at a given reference plane is dependent on the DUT
channel transmission characteristic and the DUT loss. These
terms need not be separated to cancel the post-DUT probe signal
and can be determined directly by a spectral power measurement
at the reference plane. In the system developed in this paper, the
signal amplitude at the output of the DUT channel is matched
automatically at the reference plane using amplitude calibration
of the feedforward path. The developed system automatically
calibrates the feedforward channel transmission characteristic
to extract the measurement error and channel losses. Calibration
is used to generate an output power characteristic as a function
of power and frequency. This enables amplitude correction be-
tween the DUT and feedforward channels. The phase necessary
to cancel the probe signal at the reference plane must still be
obtained.

Cancellation methods using power minimization or gradient
techniques are effective at eliminating phase error iteratively.
Howeyver, the number of iterations to reach cancellation in ex-
cess of 30 dB can be large [4], [8], [13]. In the work described
here, an approximation method is used to determine the phase
shift necessary for cancellation given the amplitude of the
combined feedforward and DUT signal. This results in greater
speed and accuracy than can be obtained with iterative search
methods. The approximation method is based on amplitude
measurements which enables implementation using standard
laboratory equipment such as a spectrum analyzer or a vector
signal analyzer. Development of a predictive formula based on
amplitude measurement can be obtained by first considering
the cancellation of a single sinusoidal signal.

Consider a sinusoidal signal which is the combination of the
stimulus signal and the feedforward signal [9]

acos(wit + ¢1) + acos(wit + ¢p2) = Beos(wit + ¢3) (2)

where « is the amplitude of both the original and cancellation
signal, wy is the radian frequency of the signals, ¢ is the phase
of the original signal, ¢ is the phase of the cancellation signal,
¢3 is the phase of the combined signal, and 3 is the amplitude of
the combined signal. If the tone frequencies are the same and the
signal propagation is in the same direction, the phase relation-
ship between the tones is constant. The relationship between the
tones can be evaluated at any time. Considering (2) at¢ = 0 and
treating ¢3 as an arbitrary reference phase, (2) can be rewritten
as a function of only the magnitude and phase differences as

cos(¢p1) + cos(¢a) = g 3)
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where ¢3 has been chosen to be zero. From trigonometric iden-
tities, it can be shown that

cos(¢p1)+cos(¢p2) = 2cos <¢1+¢2> cos <¢1 _¢2> . @

2 2

The phase of the combined signal is related to the phase of the
cancellation and original signals by

@1x ) _ =0 )

Defining ¢1 — ¢2 as the phase difference ¢, (3) and (4) become
P\ _ P

cos (§> =50 (6)

Solving for the phase difference yields

(,b:mr:i:Zarccos(;—}), n=0,1,.... @)

o
The phase difference required for cancellation is 7. Choosing
n = 0 and rewriting in terms of the phase shift required for
complete cancellation ¢ [9], we obtain
(2)
¢s =+ 2arccos | — | . (8)
2«

There will be a phase prediction error, in general, which is
the difference between the predicted phase shift and the ideal
phase shift. This error tends to reduce as the signals approach
180° phase difference. The signal cancellation achieved by ap-
plying the predicted phase shift of (8) to the feedforward signal,
when the post-DUT signal and feedforward signal amplitude is
the same, is plotted versus signal phase difference in Fig. 1. The
absolute phase error of the approximation formula is also shown
against feedforward signal and probe-signal phase difference in
Fig. 1. The accuracy of the approximation formula, assuming
no amplitude error, is lowest when the two tones have a phase
difference of 3°. At this point, 1.242° of phase error exists, lim-
iting single iteration cancellation to 33 dB. Error reduces as the
phase difference of the tones increases, lending itself to greatly
increased accuracy upon a second application, in practice often
exceeding 50 dB. Although the formula is derived to cancel only
a single tone, it is extensible to other signals such as digital mod-
ulation and multisine, where the cancellation bandwidth can be
derived from (1).

Equation (8) provides only the magnitude of the required
phase shift. Thus, taking one of the solutions, say the positive
phase shift, may not increase cancellation, and so the negative
phase shift must then be used. With a vector signal analyzer
used to measure both the phase and amplitude of the signal
component being cancelled, it is possible to determine which
phase-shift solution to use by determining the sign of ( relative
to « in (8). Implementation of (8) can be accomplished through
the establishment of a reference cancellation plane. The refer-
ence plane is established by measuring the probe tone power and
then measuring the power from the combination of the feedfor-
ward path and the DUT path signals at the bridge point. Their
respective phases must also be measured if the sign of the phase
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Fig. 1. Phase shift error of (8) versus phase difference between the stimulus
signal and the feedforward signal from 0° to 180°. Also shown is the cancella-
tion achievable with (8) if the amplitude of the stimulus and feedforward signal
are equal.

shift is to be determined. Only two amplitude measurements are
required to determine where the relative phase of the tones is on
the unit circle before cancelling those tones. The following sec-
tion details the construction of a feedforward system that imple-
ments (8).

III. FEEDFORWARD SYSTEM DESIGN

Feedforward cancellation is an application of the bridge
method for measuring small variations in signals [15]. Typi-
cally, the feedforward and DUT paths of the bridge combine at a
reference plane. Only the original signal will be fed forward and
cancelled, enabling high-dynamic-range measurement of the
unaffected DUT distortion components beyond the reference
plane. A few practical issues arise that govern the implemen-
tation of the bridge technique including phase tracking of the
cancellation signal and noise coherence. Both noise coherence
and phase tracking are governed by the method used to generate
the feedforward signal. The most prominent methods include
separate sources, sampling and regenerating the signal with
analog to digital and digital to analog converters, and coupling
off of part of the original signal. Each of the feedforward signal
generation methods and noise coherence effects are discussed
in this section in the context of measurement system architec-
ture, which is subsequently implemented.

Phase instability is an unavoidable issue when employing
separate cancellation sources. Modern frequency-synthesizer
architectures are frequency locked rather than being phase
locked [16]. With frequency-locked sources, random phase
variations of independent fractional synthesizers are only
required to have on average a particular time-varying phase re-
lationship. While this significantly reduces the level of spurious
tones, this time-varying phase relationship causes the phase
difference between two frequency-locked signals to wander.
Using separate sources to provide the cancellation signals thus
requires constant phase control to retain cancellation [9]. If
continuous phase control is not employed, the result is typically
a slow variation of a few decibels or complete loss of cancel-
lation. Designs that sample or couple the original signal and
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Fig. 2. High-dynamic-range PIM measurement system composed of highly linear amplifiers, RF sources, isolators, combiners, vector modulators, and a vector
signal analyzer. Four separate DACs, represented by one DAC, are used to individually control the positive and negative in-phase and quadrature inputs of the
vector modulators, shown with their internal schematics. The LO input of the vector modulators is identified.

use this to form the cancellation signal do not have this phase
instability problem as the cancellation signal is inherently phase
and frequency locked to the original signal.

Noise coherence only exists when coupling of the original
signal is used. When separate sources are used, the noise in the
cancellation signal is random with respect to the noise in the
applied DUT signal. The noise from a sampled and regenerated
signal is random with respect to the DUT channel unless the
circuitry can sample both the noise and signal. The signals may
be frequency and phase locked, but the noise will be indepen-
dent and will sum. Noise summation detracts from the dynamic
range of the system, and ultimately limits the capability of the
measurement system. Feeding forward part of the original signal
avoids this problem, as source noise is also fed forward and can-
celled, leaving only the noise added by components such as the
DUT, active devices, and passive components. Noise from these
components is typically several orders of magnitude beneath the
noise generated by the source.

A high-dynamic-range feedforward measurement system
which couples off part of the original signal is shown in Fig. 2.
Here the system is implemented for a two-tone signal with
vector modulators used to control the phase and amplitude of the
signals in the cancellation channels, replacing variable attenua-
tors and delay lines. In the implementation described, the Hittite
HMC497LP4 vector modulators have a bandwidth of 3.9 GHz,
enabling nonlinear vector signal analysis from 100 MHz to
4 GHz. The vector modulators are controlled by dc voltages
at the in-phase (I) and quadrature (Q) ports generated by dig-
itally controlled 16-b resolution digital-to-analog converters
(DACs). The DACs have a minimum output voltage increment
of 0.305 mV and an error of 0.152 mV. The DAC-driven vector
modulators provide up to 360° phase rotation and amplitude
control between 20—40 dB for the feedforward signal, which
is applied to the vector modulator local oscillator (LO) port.
Isolators are used to limit the reverse traveling waves in the
system which cause interchannel coupling if not suppressed.
The two branches of the bridge, the cancellation channel and

the DUT channel, are finally summed at a reference plane
before measurement by the vector signal analyzer.

The vector signal analyzer used in this system is the National
Instruments NI-5660. It has a linearity of 80 dBc at the optimum
input signal power of — 33 dBm and a linearity of 73 dBc at an
input signal power of —50 dBm. The sensitivity of the vector
signal analyzer is —110 dBc at the optimal input signal power
of —33 dBm and —92 dBc at a signal power level of —50 dBm.
The sensitivity of the measurement system is increased over that
of the vector signal analyzer sensitivity by the post-DUT can-
cellation of the stimulus signal and stimulus signal correlated
noise. The cancellation achievable in this system is dependent
on the accuracy of the phase shift and amplitude output of the
vector modulators. In the system of Fig. 2, the amplitude output
of the vector modulators is self-calibrated at a given feedfor-
ward signal input power automatically in software. The phase
and amplitude accuracy of the feedforward channel is a function
of I and Q gain, LO input power, vector modulator output power,
and DAC accuracy. At optimum vector modulator output power,
the phase accuracy of the feedforward channel is approximately
0.02° and the amplitude accuracy is approximately 0.006 dB. At
a signal level 15 dB below the level of the optimum vector mod-
ulator output, the phase accuracy of the feedforward channel
reduces to approximately 0.09° and the amplitude accuracy re-
duces to approximately 0.0265 dB. These accuracy levels, ap-
plied to (1), allow cancellation of approximately 62 dB. Thus,
the phase and amplitude discretization error from the digitally
controlled vector modulators does not limit the measurement
system cancellation or dynamic range.

Reflected signals must be minimized at both the input and
output ports as small reflected signals at the LO port of the
vector modulator can be devastating to automated control. They
can result in offsets in the amplitude of the output signal on the
order of several decibels, high enough to cause loss of signal
cancellation. The variation in output amplitude occurs due to
the summation of the original and reflected waves within the
vector modulator. If the reflected signal is much smaller than
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Fig. 3. Measured vector modulator response. (a) I/Q gains versus input LO
drive power P, below specification at —30 and —25 dBm, and within specifi-
cation at —5 dBm. (b) Output power variation with output phase over input LO
drive power, P, from —45 dBm to —20 dBm in 5-dBm increments.

the applied signal, and the gain is not balanced over input power
between the I and Q channels, the smaller signal will expe-
rience different gains in the I and Q channels (in the linear
mode). Fig. 3(a) compares the gains of the I and Q channels.
It is shown that the gains are balanced only when the LO signal
is sufficiently large to drive both of the I- and Q-channel mixers
into their limiting mode of operation. As the LO level reduces
below the limiting gain level, the I- and Q-channel gains be-
come increasingly unbalanced. This leads to the much smaller
reflected LO signal being amplified in linear mode and com-
bined with the limited LO signal at a phase offset dependent on
the reflected path characteristics and the linear mode I and Q
gain differences. Eliminating this problem requires either sup-
pression of the reflected signal or maintaining constant phase
of the reflected wave over frequency. Software error correction
can also be used to correct the behavior rather than eliminate it.
In Fig. 3(b), a small interfering LO signal produces a linearly
amplified output that oscillates with output phase due to gain
imbalances. The cancellation occurring at the vector modulator
output can be found from the combination of the linearly am-
plified reflected LO signal and the applied LO according to (1).
For an applied local oscillator power of —5 dBm, the reflected
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wave must be at least 40 dB below the applied signal to impact
the output by less than 0.15 dB.

The feedforward architecture linearizes the receiver in the
system by cancelling the large probe signal and its associated
noise before reaching the receive circuitry. The distortion prod-
ucts generated by the DUT are left unaffected, increasing the dy-
namic range of the system if the stimulus signal generation cir-
cuitry is linear. Although the channels in the system of Fig. 2 are
separated into a single tone per channel, interchannel coupling
exists which limits the dynamic range achievable in the system.
The effects of interchannel coupling and spurious frequency
content on system dynamic range are discussed in Section IV.

IV. HIGH-DYNAMIC-RANGE DESIGN

Here, we discuss system design issues that must be addressed
to achieve high-dynamic-range measurement of distortion sig-
nals in the presence of large signals. The achievable isolation be-
tween any two signal channels that are combined at a reference
plane is limited and can result in weak intermodulation distor-
tion (IMD) in each channel. Generation of IMD products can be
caused by weak-reverse traveling waves interacting with large
forward-traveling waves in active circuitry and isolation com-
ponents. Spurious frequency content (spurs) from bias circuitry,
sources, and radiative coupling between channels can also gen-
erate frequency content at the same frequencies as IMD prod-
ucts. Channel linearity is further dependent on passive compo-
nent linearity. Each of these mechanisms reduces the dynamic
range of the system and sets an ultimate limit on performance.
Component linearity, spurious frequency content, and IMD due
to reverse-wave interaction effects are discussed here.

A. Component Linearity

Selection of passive components with low distortion is vital
for the high-power paths in the system. The choice of connector
type employed throughout the high-power system paths gener-
ally specifies the passive IMD generated. According to [17],
DIN- and N-type connectors plated with silver or trimetal ex-
hibit superior PIM performance over smaller counterparts such
as SMA-type connectors. The method of connector attachment
must be chosen carefully to gain the benefits of connectors with
larger contact area. Soldered connections are always preferable
over clamped or crimped connections. Selection of hybrid com-
biners, directional couplers, attenuators, and cabling all follow
the same connector guidelines and generate much less distortion
than is measurable in the system developed here.

B. Spurious Frequency Content

Spurious frequency content (spurs) is often the limiting factor
in system dynamic range. Any nonlinearity in a system path
will alter the relationship between the spurs and the signal of
interest, reducing or eliminating cancellation of the spurious
content. The LO signal applied to the vector modulators under-
goes mixing with any spurs coupled to the LO port through the
process of hard limiting. Any signal coupling to the I and Q
inputs of a vector modulator will also be upconverted by the
mixers within the vector modulator. Spurious content altered
by hard limiting or upconverted interference in the feedforward
path will not cancel with the spurious content in the linear DUT
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path due to the alteration of spur amplitude level and frequency
spectrum. In this case, the spurs will sum and interact, reducing
the dynamic range at frequencies in the vicinity of the spur.
When using vector modulators to provide phase shift and atten-
uation, it is necessary to prelimit the signal before it is applied to
the DUT and feedforward channels in order to achieve suppres-
sion of spurious signals. Prelimiting the signal ensures that the
spurious frequency content is mirrored and maintains a defined
relationship to the signal.!

There are several sources of spurious frequency, including
spurs induced in the bias circuitry and signal source spurs. Spurs
from signal generators can be suppressed by prelimiting the
signal or guaranteeing that both the DUT and vector modulator
paths are linear. Ensuring that the paths are linear by driving
the vector modulator far below its intended drive level would
seem to be the logical choice. However, this would limit the
output power effectively diminishing the achievable system dy-
namic range or would require power amplification. Prelimiting
the signal before both the vector modulator and the DUT path
predistorts the spurs and allows suppression of spurious content
at the cancellation reference plane. In effect, this removes am-
plitude modulated distortion. Spurs from bias circuitry can be
removed by the same process, but it is often not feasible to do
so. If bias spurs are present in subsequent amplification stages
or in the power supply of the vector modulator, a spectrum of
harmonics resulting from ac power rectification will be mixed
onto the original signal. Such spurs can only be removed by ex-
tracting the signal from farther down the signal path at often un-
desirable locations (such as after amplification). The only other
alternatives for reducing these spurs are to use heavy EMI fil-
tering or using dc power with clean bias networks.

C. Interchannel Coupling

The DUT path must have distortion lower than the dynamic
range of the system, with the exception of the DUT itself. Key to
this architecture is the use of individual linear amplifiers for each
test signal and the effective backward-wave isolation provided
by the isolators. Isolators are necessary to limit the output of the
amplifier from nonlinear interaction with other stimuli through
the finite isolation of the hybrid combiner. This isolation is im-
portant in the cancellation branch as well, where reflected-wave
components can interact with the nonlinear junctions contained
within the vector modulators. While isolators provide needed
isolation, they also limit system bandwidth, and if not used care-
fully, produce distortion themselves. System bandwidth limita-
tions can be overcome by using high-power switches designed
for low PIM performance to switch between isolators in dif-
ferent bands. The distortion produced in the system due to re-
verse-wave interaction is largely due to interaction at the output
of the amplifiers. This distortion is produced at an amplitude
that is almost equivalent to that of the reverse wave less the di-
rectivity of the amplifier if the amplifier is being driven even
remotely near the 1-dB compression point. The compressive
nonlinearity in limiting amplifiers is now discussed as it affects
both distortion generated by the reverse wave and interference
induced by electromagnetic coupling.

ISee the Appendix for a full description of the mirroring effect in limited
amplifiers.
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Fig. 4. Vector modulator response. (a) Spectrum showing an input signal
composed of a single tone (the LO), spurious signals, and an injected interferer.
(b) Spectrum showing mirrored interferer and spurious signals in cancelled
output. (c) Spectrum with all spurious signals and the interferer removed when
input signal is prelimited.

Due to the effect of limiting within any compressive nonlin-
earity, coupling from a secondary carrier will act as a spur which
is translated directly to a third-order intermodulation frequency
through mirroring (see the Appendix). The signal of Fig. 4(a)
is the spectrum of a signal comprising a single tone (the LO),
spurious content, and an injected interferer. In Fig. 4(b), the
signal in Fig. 4(a) is cancelled without prelimiting being used.
In Fig. 4(b), an injected interference tone is symmetrically mir-
rored around the LO frequency when the signal is not prelim-
ited before cancellation. All spurious content is also left un-
altered due to the mirrored components generated within the
vector modulator. When the signal is prelimited before cancel-
lation, the injected interferer is removed along with all spurious
frequency content. The result is the clean cancelled spectrum
shown in Fig. 4(c). The mirroring effect occurs due to the vir-
tual elimination of the small spurious tones during the time pe-
riod in which the LO is limited, equivalent to the multiplication
of the spurious frequency content by a pulse train. Fig. 5 shows
the response of an amplifier driven by a signal comprising a tone
large enough to cause limiting and a small interfering tone. The
original interferer is mirrored around the large signal according
to?

P(fp, D)[Gra(f2, )] = P} * Sz}

- 713(7)372(7—

2See the Appendix for a derivation of (9).

f)dr C))
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Fig. 5. Response of an amplifier driven into limiting by a signal composed of
a large signal and a small interferer over interferer input power. The LO signal
is at frequency f; while the interferer is at frequency f». The interferer is mir-
rored around the carrier to the frequency 2 f; — f> at the same power level as
the interferer and increases in a one-to-one relationship with the interferer. Fre-
quency content generated at 2 fo — f; possesses a three-to-one relationship with
the interferer and is generated at a much lower power level.

with the power of the mirrored signal increasing linearly with
the interferer. Actual third-order distortion is not seen until the
interferer signal becomes appreciable compared with the large
signal. The effect is that dynamic range is reduced by about
40 dB.

Often interchannel coupling occurs which will be mirrored to
intermodulation frequencies by the effect described above. In-
terchannel coupling can result from radiatively coupled compo-
nents at the input to an amplifier because of the finite isolation
of cables. This coupling can also result from a reverse signal
traveling from one channel to another channel through the finite
channel isolation in place to prevent reverse-wave interaction at
the amplifier output. The coupling levels of these spurs are very
different in the DUT and vector modulator paths and are thus
extremely difficult to remove. Isolation must be provided to pre-
vent the radiative coupling of other channels into the gain path of
another channel as well as from reflected signals at the output of
any active devices. The achievable isolation becomes the effec-
tive limiting factor on the dynamic range of the system. Accom-
plishing radiation isolation requires the complete shielding of
every circuit in the cancellation path from any cable containing
another channel. In the system of Fig. 2, the two channels are
broken into two dual shielded rack-mountable chassis to ensure
adequate isolation.

V. MEASUREMENT AND DISCUSSION

Two common situations often occur in distortion measure-
ment: low-level IMD detection and high-level distortion prod-
ucts within the applied signal bandwidth. Cancellation can fa-
cilitate measurement in both of these situations, but alteration of
the test setup is required. In the case of low-level IMD detection,
such as is necessary in PIM testing, extreme dynamic range is
accomplished by using multichannel cancellation and with pre-
limiting to enable spur suppression. Digitally modulated signals
have both cochannel and adjacent channel interference. While
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Fig. 6. Automated dynamic range obtained during two-tone testing over fre-
quency separation of the tones.

adjacent channel interference has received much attention due to
its ease of measurement, cochannel distortion is not directly ob-
servable from the spectral measurement of the output signal and
is instead quantified by waveform signal quality metrics such as
signal-to-noise and distortion ratio, error vector magnitude, and
the correlation coefficient [18]. A single-channel linearly driven
cancellation system can directly display the cochannel distor-
tion by removing the original output signal. Dynamic range en-
hancement for PIM applications and digitally modulated signals
are discussed in the following subsections.

A. Dynamic Range Enhancement for PIM Applications

In application of the system to PIM measurements, cancella-
tion levels achieved for a two-tone signal were 35-40 dB over
power and frequency for a single iteration of (8). This increased
to approximately 50 dB upon a second iteration. This level
of performance was achieved from 380 MHz to 1 GHz in the
system of Fig. 2, limited by the power amplifiers and available
isolators. Dynamic range of the system was increased to 113 dB
at 5 W of output power for 100-Hz signal separations and above
by suppressing radiative coupling and reflected signals while
providing cancellation in excess of 40 dB. Even at tight signal
separations of less than 10 Hz, at least 106 dB of dynamic range
was obtained, as shown in Fig. 6. This limit was established by
the uncorrelated phase noise of the reference oscillators. The
finite resolution of amplitude measurements also impacted the
dynamic range as it was the prominent source of cancellation
error. Amplitude measurement error increased as the receiver
became more saturated. Experimentally, the cancellation algo-
rithm is more effective at lower power and can be reapplied to
compensate for receiver saturation in high-power testing, where
subsequent iterations return the receiver to linear operation.

B. Digitally Modulated Signals

The measurement system can also be used in distortion mea-
surements with digitally modulated signals with results equal to
or exceeding those in [6]—[8]. Prelimiting in both the DUT and
feedforward paths by the limiting amplifiers in Fig. 2 allows cor-
related spurious frequency content to be suppressed along with
the probe stimulus. With wideband signals such as wideband
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Fig. 7. WCDMA signal cancellation: Spectrum of the original WCDMA signal
and the cancelled WCDMA signal at the output of the canceller with the DUT
replaced by a through connection.

code-division multiple access (WCDMA), limiting operations
such as those occurring in vector modulators result in a large
degree of spectral regrowth. If the signal is driven within the
LO input specification of the vector modulator, then the signal
is distorted as if it were run through a limiting amplifier. Driving
the LO port at a reduced power level results in linear mode op-
eration in which the phase of the wideband signal can be altered
without causing increases in the error vector magnitude of the
applied signal. Typically, the noise associated with wideband
signals significantly exceeds spurious frequency content from
signal generators eliminating the need for spur suppression. The
system of Fig. 2 was altered such that limiting amplifiers were
removed, and only one stimulus channel and one feedforward
channel were used for WCDMA testing.

The linear mode of operation, where the limiting amplifiers
in Fig. 2 are removed, requires calibration as the gain paths are
usually unbalanced. This calibration is carried out directly with
WCDMA signals instead of discrete tones as in the high-dy-
namic-range PIM application case. Once this is accomplished,
signal cancellation can be carried out normally, as long as the
DUT path is linear except for the DUT itself. A WCDMA signal,
shown in Figs. 7 and 8, was applied to the vector modulators in
order to demonstrate the ability to operate with wideband sig-
nals when they are supplied to the vector modulator LO port in-
stead of being upconverted through the I and Q inputs. In Fig. 7,
cancellation in excess of 40 dB is demonstrated with no measur-
able spectral regrowth. The measured error vector magnitudes
of the original WCDMA signal and the feedforward signal were
1.21% and 1.27%, respectively. The applied WCDMA signal,
the output signal of a BGA2716 amplifier, and the remaining
distortion components after cancellation in excess of 40 dB are
shown in Fig. 8. The cancelled signal is offset by —5 dB to in-
crease display intelligibility in Fig. 8.

Group delay differences of the feedforward and DUT paths
limit the achievable cancellation bandwidth [8], [10]-[13].
Testing of devices with filters pronounces this effect greatly
due to both a larger difference in constant group delay and
frequency-dependent group delay response. This effect is illus-
trated in Fig. 9. The shape of the cancelled WCDMA signal
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Fig. 8. WCDMA signal with an NXP BGA2716 wideband MMIC amplifier
as the DUT. The original WCDMA signal is shown with the amplifier output
exhibiting significant spectral regrowth. The cancelled WCDMA DUT signal,
offset by —5 dB, is also shown revealing the uncorrelated in-band distortion
masked by the original WCDMA signal.
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Fig. 9. WCDMA signal applied to a Mini-Circuits VLF-400 low-pass filter.
Cancellation is shown for both equalized and unequalized group delay.

in Fig. 9 is the result of group delay mismatch when testing a
Mini-Circuits VLF-400 low-pass filter as the DUT. The limited
cancellation is due to the filter group delay response. Enhanced
cancellation can be achieved by equalizing the group delay
in the DUT and feedforward path. To examine this a second
VLF-400 filter was inserted in the feedforward path after the
vector modulator. Fig. 9 shows the impact of doing this by
comparing the equalized group-delay-cancelled WCDMA
spectrum with the spectrum of the “cancelled WCDMA”
signal without group-delay equalization. Thus, approximate
group-delay equalization effectively eliminates the bandwidth
limitation that otherwise occurs.

VI. CONCLUSION

A broadband distortion measurement system with high
dynamic range has been presented which employs an analytic
model to predict the phase shift required to cancel a signal.
This model uses only knowledge of the probing signal power
and the combined probe and cancellation signal power. The
model provides a rapid measurement capability limited only
by the time required to reach steady state, approximately three
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times the inverse of the tone separation. The system extends the
dynamic range of IMD measurement for a two-tone signal by
40 dB. Used with a commercial vector signal analyzer, 113-dB
dynamic range was achieved in a two-tone test system with
tone separations of 100 Hz and above. This reduces mono-
tonically to 106-dB dynamic range at 1 Hz tone separation.
The operating bandwidth of the system is 380 MHz to 1 GHz
limited principally by the bandwidth of available isolators. The
system can also be used with digitally modulated signals where
uncorrelated distortion is of interest, as was demonstrated for
a WCDMA signal, with cancellation in excess of 40 dB at an
error vector magnitude of 1.27%. Pre-distortion of both group
delay and mirroring effects in a feedforward system have been
demonstrated as an effective means of increasing dynamic
range through cancellation of delay mismatch and spurious
frequency content.

APPENDIX

This Appendix addresses the spectrum at the output of an am-
plifier resulting from the combination of a large signal with a
small signal. The large signal has sufficient amplitude to drive
the amplifier into compression. It is shown that the output spec-
trum contains frequency components corresponding to the large
and small input tones as well as the image of the small signal
with respect to the large signal. The signal and image sidebands
are also at the harmonics of the large signal. Consider the signal
x1(t) + x2(t), defined by

z1(t) = Arsin(27 fit + ¢1)
() = A sin(27 fot + ¢2)

(10)
(1)

applied to the input of an amplifier. The amplitude, fre-
quency, and phase of the respective signals are given by
Ay, As, f1, fa, ¢1, and ¢o, respectively. If the amplitude A; is
much larger than the amplitude of Ao and larger than the input
saturation amplitude of the amplifier A, limiting will occur
on the amplified combined signal z1(t) + x2(t). The smaller
signal z5(t) experiences gain only when the larger signal is less
than Ag; its contribution to the output if effectively reduced to
zero when x4 (t) is above A;. The sudden reduction of signal
amplitude to zero is equivalent to the multiplication of a pulse
train P(f,,t) with zo(t), where P(f,,t) is defined in the
period of z1(t) as

P(fp,t) =u (t - % arcsin(AS/A1)> .

™ f1
t L ! in(As/A
u< _2—f1+27rf1 arcsin(As/ 1)) +---
1 1 .
U <t — 2—fl — T, arcsm(As/A1)> —
1 1
U <t A + I arcsin(As/A1)> + 4. (12)

A, represents an arbitrary offset dependent on the amplifier and
fp is defined as the sampling frequency of the pulse train relative
to x»o (t)

Both positive and negative limiting result in the small signal
x2(t) being reduced to zero amplitude. The frequency of the

pulse train f,, is then twice the rate of the frequency of the large
limiting signal 1 (¢). The mixing spectrum associated with the
multiplication of signal P(fp,t) and signal z5(t) can be ob-
tained by convolving the Fourier transform of the respective
signals

P(fp, [Gra(t)] = S{P} * S{xa}

oo

- / P(r)ms(r — fydr  (13)
where G is the gain the small signal experiences, defined by
1/Af
g | IPi(r)za(r)ldr
_ 0
G= N (14)
[ |wa(r)ldr
0

In (14), g is the linear small-signal gain of the amplifier and P;
is defined as

Pi(.f;D?t): 1—P(f1,7t). (15)

The spectrum will consist of a mirrored image of the signal
x9(t) around the large signal x4 (¢) and its harmonics at a fre-
quency separation Af of |f; — f2|. The extent of mirroring
around the harmonics will depend upon the symmetry and offset
of the limiting operation.
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