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Near-ldeal RF Upconverters

N. Vasudev and Oliver M. Collind~ellow, IEEE

Abstract—This paper presents experimental results on the E:l::re DZ‘."E‘L
application of a new quadrature modulator compensator, which Sideband ) )
allows existing quadrature modulators to achieve near-ideal I (x) Hi(f) Leakage Q
RF upconversion over a wide bandwidth. A test setup using an (14 k) cos(2n fuot + 6)
arbitrary waveform generator and a spectrum analyzer shows — ’ , o
that over 70 dB of spurious-free dynamic range may be obtained % - % 511?1?:1: (Do — o 70 Juot e
over a bandwidth of 1.2 MHz using an off-the-shelf Mini Circuits )
in-phase/quadrature modulator operating at 895 MHz. A conven- J\(l — k) sin(2r frot — ¢)
tional compensator provides only 45 dB of sideband suppression Q O Hy(f)

in the same experimental setup.

Index Terms—Complex filter, direct upconversion, frequency Fig. 1. Model of a quadrature modulator.
dependent compensation, quadrature modulator.

tions cause sideband leakage, which is observed at the image
|. INTRODUCTION frequency. For example, if a single complex sinusoid is trans-

IRECT-CONVERSION transmitters are gaining pc)pu[nltted on the | and Q arms, multiple tones are observed at the
. : . . output of the quadrature modulator. The desired tone occurs at
larity because of their compact implementation. Howev:

e complex sinusoid frequency and an unwanted tone occurs

they have problems [1], [2] that do not exist in their competing, ., ~. P .
architecture, i.e., the superheterodyne. The weak link ingé|ts Image frequency (as shown in Fig. 1). Carrier leakage,

. ; ! . i.6., atone at the carrier frequency, is also a common imperfec-
direct-conversion transmitter is the quadrature modulator. A q Y P

. observed in quadrature modulators. Commercial quadra-
quadrature modulator takes baseband in-phase/quadrature . "
: : . ; ure modulators have other nonidealities, apart from these gross
signals and translates them into a single real signal at RF.

. . . F?f'ects, e.g., baseband nonlinearity, which become significant
fortunately, there are imperfections in the quadrature modulator .
only when the gross effects described above are removed.

that r_esultm an unwanted_lmage §|gnal (sideband Ieal_<age) aNfuch research effort has been devoted to designing 90
a residual tone at the carrier (carrier leakage). These imperfec- : .
. . L ower splitters with low phase error [4], [5] for quadrature
tions limit the performance of many communication system

e.g., in frequency-division multiplex systems with basebanrHOdUIators' Baseband predistortion techniques [3], [6], [7] that

Do . . . compensate for nonidealities in the quadrature modulator using
tuning (i.e., software radio), the unwanted image signal appears. . . .
?@tal processing relax the requirements on the analog circuitry

as interference in an adjacent channel. This paper mitigao the quadrature modulator. Faulknet al. [6] suggests a
these nonidealities by applying a new frequency-depend?Pet i '

7 guency-independent compensator that obtains small gains
compensator [3] to an existing quadrature modulator. Thr(?s urious-free dynamic range when used in wide-bandwidth
results from a test setup based on an off-the-shelf Mini Circuifs, >P y 9

S ; ; : .
Brooklyn, NY, IQ modulator show that the imperfections CaHpconverters. L_eyonhjelm [7] considers the mismatch in the
) reconstruction filters, but ignores frequency-dependent effects

be reduced to below the-70-dBc level by using the new . " .

i . side the quadrature modulator itself. He suggests the use of
compensator, while conventional compensators reduce the : .
) i one frequency-independent compensator for each channel in
imperfections to only the-45-dBc level.

Quadrature modulators are usually built with two mixers; ad frequgncy-division multiplex system. This paper describes
power combiner and a 9@ower splitter. Unfortunately. m(')st an application of the frequency-dependent compensator and

9(° power splitters do not generate signals that are exacfly 9%]9 lterative measurement algorithm suggested in [3]. This

out-of-phase. This error is shown @dn Fig. 1. There is also a compensator uses a complex filter to remove the sideband

gain imbalance between the two arms representédib¥ig. 1. Ieak_age component and a complex dc value to remove the
. cagrier leakage.

Frequency-dependent effects also occur in the quadrature mod-

ulator, as represented by the filters in the model [3]. (The filters

in between the mixers and the summer in Fig. 1 are the new ad-

ditions to the model that make the improved baseband correcThe frequency-dependent compensator is shown as part of a

tion capability reported in this paper possible.) These imperfesamplete RF upconverter in Fig. 2. The complex sideband can-

cellation filter H..(f) and the equalization filtef7.( /) compen-

Il. FREQUENCY-DEPENDENTCOMPENSATOR
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Fig. 2. Transmission system with compensator.

compensator is equivalent to an ideal quadrature modulator. The+ j43) in (1) as follows:

equalization filterH . ( f) has only a second-order effect [3] and '

can be ignored in most cases. In systems that require a fre-  He(fi)lpresent = He(fi)lprevious + (0 + j0)- 1)

guency-independent signal path, e.g., those attempting some, . ) . , , ,

sort of linearization of a power amplifier [8}/. (f) may be S|m|!arly, C,is ob'ltalned by nulling out the r§5|du§1l garrlerby

used to equalize the forward signal path.(f) can be mea- OPserving the amplitude and phase of the sinusoid a1 the

sured using the techniques suggested in [9] and [10], but it is iggdPack signal while transmitting a complex sinusoid at that

discussed further in this papéf..( f), of course, always has to frequency. The cancellation, in this case, is obtained by gener-

be measured. ating a negative dc offset. Equation (2) shows the cumulative dc
There are many possible feedback mechanisms to meas‘?ﬂéet that is subtracted frpm the transmittgd signa}I. The mag-

the quadrature modulator; however, a square-law detector isTi{y'd® and phase of the sinusoidfare obtained using a syn-

far the simplest and cheapest (see Fig. 2). The measurenfaliPnous detector and are representedfsy;). Asinthe case

algorithm applied in Section IIl uses a square-law detector of the image sinusoid measurement, an iterative algorithm is re-
the feedback and employs a test signal. quired in the presence of feedback path errors. The carrier com-

pensation parametér, is independent of the baseband signal
frequencyyf;; hence, this measurement need not be repeated for
Ill. M EASUREMENTALGORITHM eachf;.

If a sine wave at frequencyj, is applied to the quadrature
modulator, multiple tones are observed at its output (see Fig. 1).

The dominant tones are the desired sinusoid and those dughe synchronous detection of the sinusoidg;and2f; are

to sideband and carrier leakage. The power detector beatsdRgwn in (3) and (4), respectively. The sampled feedback signal
desired sinusoid with the tones reSUlting from the SidebaMQpresented aﬁ(’ll) and7 isthe Samp"ng period_The Sca”ng
and the carrier leakage to generate sinusoids at frequengifsory and delayr represent the gain and delay compensation

2fo and fy, respectively. The tone af, is proportional to of the feedback signal chaitN and M represent the duration
the unwanted sideband and the tonefatis proportional to of matched filtering.

the carrier feedthrough. When the feedback fil&ff) is
not known precisely, there is a small error in the observed )
amplitude and phase. Synchronous detection of the tones at at+jf=g-
2fo and fy is the key to measurement of the compensation
parameterdd.(f) andC,,. .

The sideband cancellation filtdi.(f) is obtained by mea- ntIr=9-
suring the complex compensation parametéréf;) at a small
number of frequency pointg; (: represents the index) in the The computations in (3) and (4) may also be performed as
operating signal bandwidth. The resporfggf;) at each fre- a fast Fourier transform (FFT), but the sign of the phase term
guency is found by transmitting a complex sinusoid at that freéas to be changed appropriately. Techniques such as windowing
guency and nulling out the sinusoid at the image frequency bgn be applied when the duration of the matched filter does not
observing the amplitude and phase of the sinuso#fain the include an integral number of periods of the sinusoids. Win-
feedback. The cancellation is performed by adding a compldawing may also be profitably applied when the transmission
sinusoid at the image frequency with the same magnitude ssgnal path and the feedback path circuitry have a small asyn-
the unwanted image and and 1&{ut-of-phase. Employing this chronism, e.g., asynchronous sampling clocks.
procedure iteratively makes the algorithm robust to feedbackThe observed sinusoids #t and2f; at the detector output
path errors. The magnitude and phase of the sinus@d;atre come not only from carrier leakage and the unwanted sideband,
obtained using a synchronous detector and are representeddspectively, but also from second- and third-order baseband

Cp|present = Cp|previous + (77 + J”Y) (2)

i

m(n)e%r?fi (n—7)T (3)

i~
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Fig. 3. PC-based measurement setup.

nonlinearities, respectively, of the mixers within the quadratuseale factor is obtained as the reciprocal of the magnitude of
modulator. Hence, the residual carrier and sideband can be déwe-matched filter output af,.
celled only to the level of the spurious signals caused by mixerThe measurements described above will naturally have some
nonlinearity. Also, the power detector is not an ideal square-laatror associated with them. These may be because of the mea-
device. Its higher order terms generate spurious signalg;at surement error or may be caused by drift since the measure-
at the output when the carrier leakage is large. Hence, the megent was actually made. A, andf represent the residual gain
surement algorithms fafl..( f;) andC,, should be implemented and phase uncertainties, respectively, in the feedback path at the
in parallel. Fortunately, this is also the most efficient procedufeequency of interest, the algorithm simply observes a sinusoid
since they both use the same sinusoidal excitation. that is distorted by, and®. If the initial sinusoid is represented

Even though the iterative algorithm represented by (1) aad a unit vector, the residual sinusoid after the cancellation is
(2) is robust against small feedback path errors, the major corapresented by the vector distance between the unit vector and
ponent of the phase error, i.e., the group delay of the feedbackector of magnitudé, and phasé. The magnitude of the
path, will have to be measured at least once when the produatdsidual sinusoid will be lower than the initial sinusoid only if
made and may be profitably measured in real time if temperatuhés vector distanc¢l — k,e’?| is less than unity. Simplifica-
stability is poor. Section IV describes the group-delay measut&n using basic trigonometry gives the convergence criterion as
ment technique used for the experiments presented in this papek. k, < 2cos(d), i.e.,# must be less than 9Cor the al-
and describes the effect of residual errors in the feedback pgtirithm to converge and, fdr close to 90, k, must be small
on the performance of the sideband and carrier nulling prodetose to zero) in order to achieve convergence.
dures. The feedback uncertaintiés and@ also affect the integra-

tion time required by the matched filteN(and M of (3) and
IV. EEEDBACK PATH UNCERTAINTIES (4), respectively). Specifically, [3] shows that the steady-state

h gel fthe feedback path be obtained b Eowerintheresidual sideband and carrier is equal to the detector
The group delay of the feedback path can be obtained by Mo oer at the output of the respective matched filters mul-

suring the phase difference between two closely spaced siﬂ lied by (k,)/(2 cos(8) — k, ). A small value ofk,, reduces the

soids. In this case, a sinusoidal excitation signal at frequeng) ady-state power by averaging over many matched-filter mea-

fo Is generated 6_“ the output of the power detector [at the in@f}rements. Further, a small valuelgfallows a large range for
to G(f)] by beating two tones afr.o £ (fo/2) at the output b o rtainty in the phass while ensuring convergence. Thus,

of the quadrature modulatofi(o is the quadrature modulator's o .« is no need to measurg accurately since it can be delib-
local oscillator (LO) frequency). This can be easily achieved t@?ately biased to a small value

transmitting a sinusoid at frequengy/2 on one of the arms of
the quadrature modulator and silence on the other. (Since only
one mixer is excited, the first-order quadrature-modulator im-
perfections, i.e.k and¢, will not have any effect on this group The test setup consists of a personal computer (PC) net-
delay measurement.) The phase of the sinusoid at the outputvofked with a Sony/Tektronix arbitrary waveform generator
the antialiasing filte7( f) is measured by using a matched filte(AWG) and an Hewlett-Packard (HP) vector signal analyzer
[similar to that shown in (3) and (4)]. The frequency of the sinU¥/SA), as shown in Fig. 3. The | and Q signal generation is
soid at the input to the quadrature modulator is perturbetifby performed by the AWG, while the VSA performs the feedback
and the phase of the sinusoid at the outpuf¢f) is recorded measurement. The compensation is implemented by the PC.
using a matched filter at the frequenfy+ 26 f. If the differ- The quadrature modulator under test is an off-the-shelf Mini
ence in the phases i§ the group delay of the feedback pattCircuits ZAMIQ-895M, which is specified for operation in

is (¢)/(4md f). The sample delay is = (¢)/(47Téf), where the carrier frequency range of 868—-895 MHz and provides
T is the sampling frequency. The frequency off§gtis chosen typical sideband and carrier levels e#40 dBc. The low-pass

to be small enough so that the phase error is less2haand filter following the quadrature modulator attenuates the higher
large enough for local deviations in phase to be negligible. Tirequency components that result from modulation of the

V. MEASUREMENT SETUP



2572 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 11, NOVEMBER 2002

16.5x10° T 18x10° 0 e e B L B S B

3 Frequency Independent
316 50 |- -

16.0
[ Im{H.(f)}

7-tap Complex Filter

15.5

Re(H(1)

T

d10
15.0 Re(H.(H) E

{(°H g
Sideband Level (dBc)

145

140 by b e b o e o 4 3
00510 200 0 200 400 600 110 PP TP R N TR PR B
‘s00x10° -200 0 200 400 600

Frequency (Hz) Frequency (Hz)

Fig. 4. H. for 1.2-MHz bandwidth at 895 MHz. . . . . . . )
9 (f) for Z bandwidth & z Fig. 5. Sideband attenuation obtained using a complex cancellation filter.

baseband signal with harmonics of the LO. In this experiment. -
the filter employs two Mini Circuits SLP-1000s to obtain 0 5 10 s 2 2
60-70-dB attenuation at the second harmonic. The splitter, i.i_ SspTT T T ]
Mini Circuits ZFSC-2-4, is chosen to have a flat frequencv “r 7
response over the frequency of operation. The detector isg ;: ]
Schottky diode HP8471E from Agilent Technologies, Pali s -
Alto, CA. The noise voltage at the output of the detector i R I = e A e T
10 nV/rtHz and a residual sideband 670 dBc produces a [ Real, 250 Kz Real, 600 Kz I, 100 Kz
50-nV,nns Signal.
As described in Section IV, the second and third harmonic
generated at the baseband inputs to the quadrature modulat0t .
strict the carrier and sideband cancellation, respectively. Ho® ~ [™*>**" '
ever, since the second- and third-order harmonics themsel e
contribute to the in-band distortion, they have to be reduce b e c00ki
anyway. In other words, the power detector measurement te( """ Esmreri T
nigue does not impose any additional linearity constraints ¢
the mixer. In this measurement setup, the baseband signal le Time (hrs)
is chosen such that the second and third harmonics are at Ieast o , ,
70 dB below the desired signal so that the carrier and sidebdr@ & Variation infl.(f) with temperature and time.
may be suppressed to at least 70 dB below the desired signal.
The carrier level for this measurement setup wa® dBm, and simple seven-tap complex finite impulse response (FIR) filter
the second harmonic level was of the orderaf0 dBc, while (designed using a least squares algorithm [11]) provides less
the third harmonic was lower than80 dBc. than —70-dBc sideband levels at all frequencies in the band.
More than seven taps are required if the sideband levels lower
than—70 dBc are desired.
The quadrature modulator is sensitive to ambient conditions,
Fig. 4 shows the sideband cancellation filidr(f) over a e.g., temperature and carrier frequency. Two approaches exist to
bandwidth of 1.2 MHz at 895 MHz. The cancellation filter is2nsure that the sideband cancellation filter tracks the quadrature
measured at 60 points in the frequency rangg9d5, 595) kHz modulator at all times. The obvious approach is to make periodic
spaced 20-kHz apart. Sideband levels of up-&) dBc are ob- measurements of the compensator and assume that the com-
tained at the frequency points where the cancellation filter fensator is stable between measurements. A second approach
measured. The response at 0 Hz is obtained by interpolatithio make the measurements for different ambient conditions
The diamonds (except at 0 Hz) indicate the frequencies at whighd store the compensator in memory. This is the lookup-table
the measurement is made. The asymmetry in the responsapproach. Hybrids of these two methods would be commonly
due to a nontrivial asymmetric frequency response between tised. A good model of the variation of the quadrature modu-
mixers and the summer in the quadrature modulator (as sholator with the ambient conditions, e.g., temperature and carrier
in Fig. 1). Fig. 5 shows that the sideband level obtained on tfrequency, is required to make efficient use of memory.
setup using a conventional frequency-independent compensatdrhe curves in Fig. 6 show the variation of the real and imagi-
is as high as approximately45 dBc (a gain of only approxi- nary parts ofH.(f) at 600, 250, and 100 kHz when the quadra-
mately 5 dB from typical values of the raw modulator), while &ure modulator is subjected to three temperature cycles €20

et

(GrH I

VI. SIDEBAND COMPENSATION
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. R H
ture modulator placed in an oven and the temperature me )
sured on the body of the quadrature modulator. The LO fre
quency is 850 MHz for this measurement. Two features star;
out in the Fig. 6. First, the variation of the filter response a;
different frequencies is uniform, i.e., the variation of the filter
response with temperature corresponds to the proportional va: "
ation of a single complex value. This complex value is repre
sented as$h.. Second, a gradual drift can be observed in th
compensation parameters. (This feature is more distinctly vi 12
ible in the imaginary part.) Thus, fi.(f) is the measured side-
band cancellation filter at a certain temperature, the filter re
sponse at a temperature offset is givenly ) + Sb., where
Sb. = constantx temperature offset drift. The multiplicative
constant has to be determined for each hardware implemem{g-o.  sideband attenuation for varying lengths of table look-up.
tion of the quadrature modulator while the offset drift can be
removed by periodic measurementi@f(f) at one frequency
point.

Fig. 7 shows that the performance of the temperature-co

an

b:

g

-110

50 KHz

30 M e 0 by b by e b b b s by gy
860 880 900 920x10°

Carrier Frequency (Hz)

is used to obtain the overall cancellation filter. Evaluation of
rSnlzc( fLo) for a carrier frequency resolution of 100 kHz is
pensated quadrature modulator is better th@® dBc. The in- adequate to ensure .a'5|debar.1d level belewd dBc. Thus,

a lookup table combining carrier frequency and temperature

crease from-80 to —70 dBc is due to temperature hysteresis : . .
. .can provide—70-dBc sideband levels for approximately a day.
effects in the quadrature modulator, as well as long-term drit. . . i
or longer periods of time, there has to be some real-time

b(g the relocking of the coarse phase-locked loop (PLL). This

lklsnd of discontinuity is not observed in the data obtained using
e HP8862A, which employs a different architecture.

pensation is adequate to ge70 dBc of unwanted sidebanrtrj]-

a
surement at the time of manufacture. imperfections become significant. When the VSA (HP89441a)
in the LO frequency generates a shift in the cancellation filtér fved whenever the carrier frequency moved over a 1-MHz
driving impedance, i.e., the synthesizer output. Fig. 8 sho
resolution in this figure is 100 kHz. Fig. 9 shows the attenua- Vil. CARRIER COMPENSATION

Limited long-term measurements suggest that once a day meg- ; . . o
. . adaptation since there appears to be some nonstationarity in the
surement ofd.(f) at a single frequency with temperature co .
quadrature modulator properties.
4 ) . . The quadrature modulator is not only intrinsically sensitive
level. More long-term data is required to say if there is ever L . o
need to measurdl, () at all frequencies after an initial mea-to f_requency variations, but_ also to LO drive-level variations. If
‘ a sideband level of 70 dBc is required, even small synthesizer
The sideband cancellation filté¥.(f) depends on the LO i S
frequency, as well as temperature. As with temperature, char\{vaeS used as the LO, a small discontinuitin.(fi.o) was ob
[3]. This shift, represented bb.(fio), depends on the Scale. This was caused by a 0.1-dB amplitude change produced
quadrature modulator itself, as well as the constancy of the
that Sb.(fLo) is a well-defined smooth function of.,c over
a frequency range of 850-930 MHz. The carrier frequency
tion obtained wherbb.(fLo) is stored for carrier frequency Carrier leakage in most quadrature modulators is specified
changes of 200, 100, and 50 kHz, and the nearest stored vaiiid respect to the LO input power. In the measurement setup
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indicates that the carrier compensation parameter is far more
susceptible to drifts in the system than the sideband cancellation
parameters. Such nonstationary behavior of the carrier leakage
requires real-time adaptation of the compensation parameter to
maintain the—70-dBc residual carrier level. However, for mod-
erate time durations<(10 h) the—70-dBc level can be main-
tained by using simple temperature compensation.

Carrier Level (dBc)

20 KHz 50 KHz
-90 —

VIIl. SUMMARY AND APPLICATIONS

920x10¢ This paper used a low-cost mass-produced quadrature modu-

lator to obtain over 70 dB of spurious-free dynamic range over

a 1.2-MHz bandwidth using an extremely low-complexity com-
Fig. 11. Carrier attenuation for varying lengths of table look-up. pensator, e.g., a seven-tap complex FIR filter. The 1.2-MHz

bandwidth was set by interference from an induction furnace

described here, the LO signal power is 10 dBm and the typigaxt door, which introduced significant harmonics upwards of
carrier suppression of the raw quadrature modulatedi@ dBc. 1.2 MHz. Above 1.2 MHz, the interference was sufficient to
The signal power at the | and Q phase inputs is chosen to gepeil the spectrum completely; however, spot frequency mea-
erate low nonlinear distortion in the signal, i.e., second and thisdrements showed that the basic approach will work for a band-
harmonic levels lower thar 70 dB with respect to the desiredwidth of 100 MHz with the addition of two more taps. Mea-
signal and, thus, the input to the quadrature modulator is orslyrements on the quadrature modulator also show that it can be
—39 dBm. Since the desired signal power and the LO leakagasily compensated for varying ambient conditions, e.g., tem-
at the output of the quadrature modulator are of the same ord®tature and carrier frequency. These modulators have many po-
effective carrier cancellation is critical. tential applications.

Fig. 10 shows C, as carrier frequency varies over The most obvious application of very low sideband modu-
850-930 MHz at a resolution of 100 kHz. The variatiomators is to multichannel systems with stringent spurious spec-
of C,, with carrier frequency is far more significant than théfications such as multiuser systems based on frequency-divi-
variation ofSb... Fig. 11 shows the carrier attenuation obtainesion multiplexing (e.g., analog mobile phone system (AMPS),
when C,(fiLo) is stored for carrier frequency steps of 200global system mobile (GSM), FM business radio). To make the
100, 50, and 20 kHz and the carrier-leakage parameter at trensmitter in these systems economical, the signal source gen-
closest carrier frequency is used for compensation. A frequeremating the RF carrier for the LO should be either fixed tuned
resolution of 10 kHz is required to hold -a70-dBc residual or tuned in coarse steps. The fine steps are provided by digital
carrier level. On the other hand, more sophisticated interpofaequency translation within the quadrature modulator’'s base-
tion algorithms may be used to reduce the storage requiremdrasd input span. None of these systems employs power control,
since the variation is well defined, as seen in Fig. 10. and most do not allow frequency rearrangement based on user

Fig. 12 shows the variation @f, when the quadrature modu-position. Thus, the image sideband usually appears as interfer-
lator is subjected to four temperature cycles of Over a 24-h ence in an adjacent channel and, thus, the image frequency of a
duration. The substantial variation 6f, at the nineteenth hour nearby user may impinge on the weak signal from a distant user.

2100 et 1 4 Lo o v 8 v v 0 by v by g by
860 880 900

Carrier Frequency (Hz)
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Even if baseband tuning is not required, e.f1.,o can be [9] O. M. Collins and N. Vasudev, “The effect of redundancy on measure-
tuned to the center of the RF span, exceptionally low sidebang  ment’IEEE Trans. inform. Theoryol. 47, pp. 3090-3096, Nov. 2001.
levels are needed if a quadrature modulator must proce&so] Slét\éifggfgég?rghy M?;LL'SVZVEMTehf;remem of a fiter o) o Doer

\ . y Teckiol. 50, pp. 2083—2089,
a nominally constant envelope signal, e.g., an FM voice or  Sept. 2002.
continuous phase frequency shift-keying (CPFSK) signal. Thél]l B. Porat,A Course in Digital Signal Processing New York: Wiley,
image sideband will result in in-band spurious tones that the
nonlinear power amplifier following the quadrature modulator
will turn into out-of-band spurious emissions. Amplifier lin-
earization using baseband predistortion [8] also requires very
high-quality modulators. Such systems sense the distorti
produced at the output of the RF amplifier and then correct
by appropriate predistortion of the baseband signal. The ove
linearity of the amplifier and modulator system can be made
approach within 10 dB of the quadrature modulator’'s imag
sideband level.
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