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OoDoooooao
[ Title of the Invention] Method of calibrating an RF signal source, and Amplitude flatness and
phase hinearity calibrator
[ Technical Field]
[000 1]
The present invention relates to signal sources for testing electronic equipment, and more
particularly to amplitude flatness and phase linearity calibration for radio frequency (RF) signal
SOUFCes.
[ Background Art]
[0002]
A vector signal generator may be constructed using an arbitrary waveform generator (AWG)
capable of wideband signal generation followed by one or more stages of block up-conversion and
filtering. The up-conversion and filtering process may create significant amounts of amplitude
ripple and deviation from linear phase across the frequency bandwidth of interest for the desired
wideband test signal. These phase and magnitude effects are due to both the action of the filters and
of the mixers themselves,
(000 3]
The frequency response of the up-conversion process may be corrected by applying a baseband
correction filter having a response which, when cascaded with the up-converter, provides a flat
amplitude and linear phase over the frequency bandwidth of interest.
[Prior Art Documents]
[ Patent Documents]
[0004]
[Patent Document 1] U.S. Patent No. 8,224,269
[Non Patent Documents]
[0005]

[Non Patent Document 1] Vasudev et al, "IEEE Transactions on Microwave Theory and
Techniques”, Vol. 50, No. 9, September 2002, entitled “Measurement of a Filter Using a Power
Detector”

[ Summary of the Invention]
[ Problem to be Solved by the Invention]
[000586]
It is necessary to measure the frequency response characteristics of the up-converter in order to
create the baseband correction filter. This measurement typically is done with external test
equipment in a factory environment. However such measurement is inherently limited because the
frequency response is subject to changes with temperature and age of components.
[0007]
One method for measuring magnitude and phase of an instrument or transmission system using a
power detector is described by Vasudev et al in IEEE Transactions on Microwave Theory and
Techniques, Vol. 50, No. 9, September 2002, entitled “Measurement of a Filter Using a Power
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Detector.” This method describes measuring the phase at each end frequency which encompasses
the frequency bandwidth of interest, and then measuring the phase at the midpoint between the two
frequencies, then at the midpoint of two frequencies for which phase has already been measured,
ete., until suffictent points have been measured to provide sufficient detail to describe the phase
characteristics of the filter being measured across the frequency bandwidth, i.e., a “web algorithm.”
Measurements are made at each frequency independently to obtain known phases at each frequency.

[0008]
U.S. Patent No. 8,224,269, issued July 17, 2012 by Jungerman et al entitled “Vector Modulator
Calibration System”, also uses a power sensor, such as a diode detector, to measure the power
output from a vector modulator, 1.e., the | and (@ components of a vector signal which represents a
single frequency signal with two components that are minety degrees phase different.

[o009]
What is desired is a means for measuring the phase and amplitude response of the RF signal source
at the time of use in order to provide filter coefficients which are used to compensate for amplitude
ripples and phase variations.

[Means for Solving the Problem]

[0010]
Accordingly the present invention provides amplitude tlatness and phase linearity calibration for an
RF signal source by using a simple square law diode detector and at least a pair of tones from the
RF signal source. A baseband generator for the RF source generates the desired tones, which are
apphied in series to a correction filter and an up-converter to produce an output RF signal. The
tones are stepped across a specified frequency bandwidth, and at each average frequency for the
tones a magnitude and group delay for the tones is measured as well as a phase for the beat
frequency, or frequencies, between the tones. The resulting measurements are used to calibrate
filter coefficients for the correction filter to assure amplitude flatness and phase linearity across the
specified frequency bandwidth for the output RF signal.

[0011]

A concept 1 of the present invention is a method of calibrating an RF signal source, the RF
source being of the type having a baseband signal generator, a correction filter and an up-converter
coupled 1n series, for amplitude flatness and phase linearity of'an RF signal output comprising the
steps of:

generating from the baseband signal generator a plurality of equal amplitude frequency tones
having a specified average frequency and specified frequency separations between the tones such
that the equal amplitude frequency tones are non-harmonic with respect to each other;

computing from the RF output signal a magnitude and group delay for the specified average
frequency;

computing a phase response for the specified frequency separations;

stepping the specified average frequency from the baseband signal generator across a specified
frequency bandwidth and repeating the generating and computing steps at each specified average
frequency; and
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calculating filter coefficients for the correction filter from the magnitude and phase responses so
that the RF signal output has amplitude flainess and phase linearity across the specified frequency
bandwidth.

[0012]

A concept 2 of the present mvention s the method as recited n the concept | wherein the
plurality of equal amplitude frequency tones comprise a pair of equal amplitude frequency tones
having a specified frequency separation.

[0013]

A concept 3 of the present invention is an integrated amplitude flatness and phase linearity
calibrator for an RF source, the RF source being of the type having a baseband signal generator, a
correction filter and an up-converter coupled in series to produce an output RF stgnal, comprising;

a square law diode detector coupled to receive the output RF signal from the up-converter to
produce a detected output signal; and

means for processing the detected output signal to produce calibration coefficients for the
correction filter.

[6014]

A concept 4 of the present invention is the integrated cahibrator as recited in the concept 3
wherein the baseband generator provides for calibration a plurality of equal amplitude frequency
tones having a specified average frequency and specified frequency separations between the tones
such that the equal amplitude frequency tones are non-harmonic with respect to each other, the
tones being input to the correction filter.

[0015]

A concept 5 of the present invention is the integrated calibrator as recited in the concept 3
wherein the baseband generator provides for calibration a pair of equal amplitude frequency tones
having a specified frequency separation, the tones being input to the correction filter.

[00186]

A concept 6 of the present invention ts the integrated calibrator as recited in the concept 4
wherein the processing means comprises:

means for converting the detected output signal to digital samples; and

a processor having the digital samples as an input in order to compute from the digital samples a
magnitude and group delay for the specified average frequency and a phase response for the
specifted frequency separations from which the calibration coefficients are calculated so that the RF
signal output has amplitude flatness and phase linearity across the frequency bandwidth represented
by the tones.

[0017]

A concept 7 of the present invention is the integrated calibrator as recited in the concept 6
wherein the baseband signal generator steps the specified average frequency across a desired RF
frequency bandwidth for the RF source so that the processor provides calibration coefficients for the
correction filter at cach step so that the RF signal output has amplitude flatness and phase linearity
across the desired RF frequency bandwidth,
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[0018]
The objects, advantages and other novel features of the present invention are apparent from the
following detailed description when read in conjunction with the appended claims and attached
drawing figures.
[ Brief Description of the Drawings]
[o019]

[Figure 1] Fig 1 is a block diagram view of an RF wideband signal source having a simple
square law detector for calibrating amplitude flatness and phase linearity according to the present
mvention.

[Figure 2] Fig 2 is a flow diagram view of a method for calibrating amplitude flatness and
phase linearity across an RF wideband frequency source according to the present invention.

{Figure 3] Fig. 3 is a graphic diagram view for the calibrating method according to the
present invention.

[Embodiments for Carrying out the Invention ]

[0020]
Referring now to Fig. 1, a baseband signal generator, such as an arbitrary waveform generator
(AWG) 10, provides, as an output, at feast a pair of tones that may be tuned across a frequency band
of interest. Other architectures may include direct arbitrary waveform generation, up-conversion
using an 1Q modulator, IF up-conversion, etc. For the purposes of the following discussion, the
two-tone implementation is described in detail.

[0021]
The pair of tones trom the baseband signal generator 10 is input to a magnitude and phase
correction filter 12, such as a finite impulse response (FIR) filter, with the output of the filter being
mput to an up-converter stage 20. The up-converter stage 20 includes a mixer 14 which mixes the
pair of tones with a frequency from a local oscillator 16. The output from the mixer 14 is input to
an image rejection filter 18, the output of which is input to an output amplifier 19. The output tfrom
the output amplifier 19 is the desired R¥ output signal.

[o022]
Also coupled to the output of the output amplifier 19 is a simple, calibrated diode 22 acting as a
square law diede detector. The output from the diode 22 1s input to an analog-to-digital converter
(ADC) 24 1o provide digitized samples. The digitized samples are then input to a digital signal
processor (DSP) 26 which computes the desired filter coefficients for the correction filter 12 to
provide amplitude flatness and phase linearity for the RF output signal.

[0023]
The equation that describes the output from the baseband generator 10 for the pair of tones is:

00 24]

[Equation 1]

Vo = M{COS Wyt + €OS Wpyat), Where w g = w,, — Aw and wy,; = w,, + Aw.

[0025]
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The rejection filter 18 in the up-converter stage 20 removes the difference frequencies, keeping the
sum frequencies. In general, there is a frequency response caused by any baseband filtering, as well
as an RF response caused by the mixer 14 and image rejection filter 18. The RF output may be
represented as:
[0026]
[Equation 2}
Vour = M{[Gpp(Wm1)Guc(@ms, 0 )] cos{we + 01 )t + [Gp(Wm2) Gy (@ma, 0 )] cos(we + wp2)t}
[o027]
where Gy (w,,) represents the baseband response of the baseband generator 10 prior to the mixer
14, and G- (w,y, @) represents the response of the RF components, including the mixer 14. The
two variables in the expression Gy (w,,, w,) indicate that the frequency response is a function of
both the center frequency, w,, and the offset from the center frequency, w,,.
{0028]
The square-faw diode detector 22 connected to the RF output produces:
{0029]
[Equation 3}
Voet (@Wm, 0.) = KpeeM*{[Gpp(@m1)Gyc(@mr, w )l cos{we + @)t
+ iGBB (C‘)mz)GUC(mev mc)} COS((UC + me)t}z

[0030]
[Equation 4}
1 1
Voet (Wm, ) = KDetMZ {{GBB (W1 )Gyl Wma, wc)]2 {E + E cos{Zw, + 20%11)4

1 1
+ {Gpp{wm2) Gyc(Wimz, wc)}z {”i,.““ + E”COS(ZG)C + zwmz)t]

+ Gpp (W1 )Guc (Wm1, @) Gpg{(Winz )Gy (@Wma, wC)E (cos{wy — Wyt
+ cos(2w6+wm1+wm2)t)}

{0031]
Filtering out the direct current (DC) term and the 2w, terms produces:
{003 2]
[Equation 5]
Viet (@Wm, @) = KpeeM*{|Gpp(@mi)] | Gye(@my, wo)] cos[(we + wmpdt + Bpp (@)
+ Quc(Wm1, @) |Gap(@m2)H Gy (w2, @) cos[{we + @ma)t + Opg{wmz)

+ Buc{@ma w:) 1}
[oo33]

[Equation 6]
Vpet (W, W) = Kpee M*H{|Gpp(@mi)] F Gy (@mi, M Grp (@0m2)] | Gy (@ma, wc)] coswy = wpy )t
+ @ap(Wim1) + Ouc(Omy, we) = Ppp(Wimz) = Dyc(@Wma, @)}
{003 4]
Since s = wy + Aw and wy,; = wy — Aw, the equations reduce to:
{0035]
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{ Equation 7}

Vet (0m, 0) = KpeeM? 1Gg (@) Gye (@ma, @M Gpg (@mp G ye (@mz, ©:)icos12Awt+@ g (@)

- @BB(wml) + ¢Uc(mm2rwc) - gaU(I(f"’mll mc)}
[0036]

Aw 1s chosen so that the magnitude and phase responses between w,,; and w,,,, are approximated
by a straight line, so then:
[0037]
[Equation 8]
Gpp(wm1) = |Gpp(@n1 ) {0 (wWn) = [1Ga(@m)| ~ Kgamdw le/@Bpl@m)=Kepoho)
[0038]
[ Equation 9]
G (@Wmz) = |Gpp(@m2 YD (@m2) = [1Gas(wm)] + KppmAw] e/ Pasl@n) tKesslo)
[0039]
Similarly,
[0040]
[ Equation 10}
Gyc(@m1s @) = |Gyc(@mi, @) @yc(@my, wc) = [{Gye (W, 0] — Kyombw e/ Puclomwe=Kucohe)
[004 1]
{Equation 11]
Gye(@ma, @00) = [Gye(@ma, @) (Dyc(@my, @) = [|Gye (@, 0] + KyomBw e/ PuclemwatKucohe)
[004 2]
The magnitude response is obtained from:
(004 3]
{Equation 12]
Vpet (@Wpm wc)| = KpeeM? |Gy (@mi) 1 Grpr (Wm2) Gy (@it @) G ye (@ma, 0 )]
[004 4]
{Equation 13}
Vpet (@Wm, wc )| = KDetMZHGBBI (wn)]* — KsamZAwZ][EGuc(a}m, w ) — KUszsz]
[0045]
[Equation 14}
Wpet (m, wc)| = KDetM2{|GBBI (W) PGy (wm, wr ) + KBBmZAMZKUCmZsz
= |Ggpr{wm) [ Kyem* bew® — |Guc(wrmwc)izKBE'mzsz}
[00456]
[ Equation 15}
[Vpet (o, )| = Kﬂeth{l(;BB (©0m) 121Gy (@m, P + Kgm Kyem* ber*
- [iGBB (a)m)lzKUsz + lGUC(wm!wc)izKBBmz]sz}
[0047]
The amplitude response of the cascaded baseband generator 10 and RF up-converter 20 at w,, and
w, 18 given by:
[0048]
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[Equation 16]
A(wmlwc) = iGBB.’(wm)”GUC(wmuwc}l
[o049]

[Equation 17]
B (14 0P + Ko Ksen A0
~ [1Gss(@m) PKycm® + {Gyc(@m 01 Kopm* | A
[00B30]
Smce the dependence on Aw 1s small (reasonably flat response over Aw), then the square root may
be approximated by the following equation.
[o051]
[Equation 18]
Vidx=1 %g
[o0o5 2]
Then,
[0053]
[Equation 19]

‘ VDet (C{Jm, mc) ]
Kpe:M?

- {A(wm: wc)i {1

+ HBHmZJK'Uszﬂ‘w4 - [IGBB (wm)izKUsz + IGUC (wmr wc)IZKBBmZ]AwZ}
2{A(w, )}

[0054)
[ Equation 20]

fiV ot (@, )]
% = IA(fUmr wc)i{l + AETTOT}
et

[0055]
where
[0056]
f Equation 21]
Agrror = Kegm” Kycm Bw* — [1Gpp(@0m) 1" Kiem” + 1Gyc(@m, 0)|?Kppm® |80’
2| A ey, w)|?
[0057]

Where Aw 1s chosen so that the baseband correction filter 12 and the RF filter 18 each vary less than

.5 dB over the frequency separation between the two tones, then:
[0058]
[ Equation 22]
Kppmbw < .0592{4(w,,, wo)]
[o059])
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[Equation 23]
Kyembo < .0592|A(wn, @)
{0060}
Taking the equality as an upper bound and assuming approximately unity for |A(w,,, w.)|, then:
[006 1]
[Equation 24]
+ A gpror = +[.0000123 F [. 0035 + .0035])
[0O06 2]
[Equation 25]
+Aprror = +.06 dB
[006 3]
With the phase of the detected beat note at the center frequency {w,, = 0) as the reference, the
phase difference from the center frequency at any point phase 1s given by:
[006 4]
[Equation 26]
AB{wm, o) = Bpp{wmz) — Bpelwm) + Qyclwpe, we) — Byclwny )
[0065]
[Equation 27]
AP, we) = Ppplwm) + Kppglho — @ppwnm ) + Kypplhw + Oye (W) +Kycpdw — Gye(wm)+Kycpdw
[0066]
[Equation 28]
AB{wp, we) = 2Kpppdw+2Kycplw
[006 7]
Group delay 1s defined as;
[0068]

[Equation 29}
 —do
t= dw
[006 9]
[Equation 30]

=—do Ad{w,,, w,)
(W, mc)"m&;;m = ~Kppp=~Kucp = mm"_#

[0O070]
Phase 1s computed by integrating the group delay response over the frequencies of interest.
[0071]
[Equation 31]

Wsstop

By, we) = — f (W, w)dw + @
Wyrare

[c072]
For the case where w,, is stepped in increments of w,,, the integral becomes a summation
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[007 3]
[Equation 32}
o o AO(w,, w,)
Dy, w,) = — Z T(wm:wc)wstep + @y = Z W“}sten +@q
m=—M e — M
[0074]

In summary the calibration procedure for the two-tone calibration signal, as shown m Fig, 2, 1s as
follows:

1. Generate two sinusoidal tones of equal amplitude whose average frequency is w,, and whose
separation is 2Aw. (Step 30} These tones are passed through up-converter 20 to be
calibrated. Aw 1s chosen such that the amplitude response 1s less then .5 dB between w; and
wy.

2. Step w,, across the frequency bandwidth of interest with a step size small enough to
adequately capture the granularity of the frequency response being measured. (Step 32)
Compute the magnitude and group delay for each value of w,,. (Step 34)

3. Compute the phase response for each value of Aw. (Step 36)

4. Compute the magnitude and phase of the correction filter 12 from the sampled amplitude
and phase points. (Step 38)

5. Apply FIR filter coefficients to the correction filter 12 to produce the frequency response:

(Step 40)
[0075])
[Equation 33}
1 1 KDet
Goorr (i, )| = = =M |—
I cor ( " C)E A(me wc) |VDet(wmaa)c}| [VDet(wm:wc)E
K peeM?
[o076]
[ Equation 34]
AB(wpy, w,)
GjCorr(wm:wc) = _Q)(wm:wc) == '—-—éz;n?i‘wstl?p + ®0
e
[foo77]

Referring now to Fig. 3, a frequency spectrum for a multi-tone implementation is shown. The RF
frequencies, o and o, represent the pair of tones implementation described above, which produces
a beat frequency, o, output from the diode detector 22. Other frequencies, mz, mg4, . . ., may be
output from the baseband signal generator 10, which frequencies are non-harmonic with respect to
cach other. Using multiple tones, rather than just a pair of tones, helps to speed up basic operation
since a wider span of frequencies ts covered for each step across the desired wideband frequency
range. The amplitudes of each tone are measured, as well as the phase for each beat frequency
between the multiple tones. From the measured amplitudes and phases, the FIR filter coeffictents
are calculated.
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[0078]
Consider a set of n sinusoidal tones that are passed through the diode detector 22, similar to the one
described above with reference to the pair of tones implementation. The output from the diode
detector 22 contains frequency components, 1.e., beat frequencies, between the respective input
frequencies, as shown in Fig, 3. If the tones are chosen so that the differences between their
respective frequencies are not harmonically related, then the output from the diode detector 22
contains n(n-1)/2 unique individual beat frequencies. These beat frequencies are processed using
Fourier techniques, as described above with respect to the two-tone implementation, allowing the
phase and magnitude over a wider band of frequencies to be determined at each step increment, t.e.,
the frequency step increments are larger.

[o079]
Thus the present invention provides amplitude flatness and phase linearity calibration to an RF
source using a square law diode detector where the RF source provides at least a pair of tones for
the calibration process.

[ Description of Codes]

[0080]
10 arbitrary waveform generator
12 phase correction filter
14 mixer
16 local oscillator
18 1mage rejection filter
19 output amplifier
20 up-converter stage
22 diode
24 analog-to-digital converter
26 digital signal processor
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[Claim 1]

A method of calibrating an RF signal source, the RF source being of the type having a baseband
signal generator, a correction filter and an up-converter coupled in series, for amplitude flatness and
phase linearity of an RF signal output comprising the steps of:

generating from the baseband signal generator a plurality of equal amplitude frequency tones
having a specified average frequency and specified frequency separations between the equal
amplitude frequency tones such that the equal amplitude frequency tones are non-harmonic with
respect to each other;

computing from the RF output signal a magnitude and group delay for the specified average
frequency;

computing a phase response for the specified frequency separations;

stepping the specified average frequency from the baseband signal generator across a specified
frequency bandwidth and repeating the generating and computing steps at each specified average
frequency; and

calculating filter coefficients for the correction filter from the magnitude and phase responses so
that the RF signal output has amplitude flatness and phase linearity across the specified frequency
bandwidth.

[Claim 2]

An amplitude flatness and phase linearity calibrator for an RF source, the RF source being of the
type having a baseband signal generator, a correction filter and an up-converter coupled in series to
produce an output RF signal, comprising;

a square law diode detector coupled to receive the output RF signal from the up-converter to
produce a detected output signal; and

means for processing the detected output signal to produce calibration coefficients for the
correction filter.

[Claim 3]

The amplitude flatness and phase linearity calibrator as recited in claim 2 wherein the baseband
generator provides for calibration a plurality of equal amplitude frequency tones having a specified
average frequency and specified frequency separations between the tones such that the equal
amplitude frequency tones are non-harmonic with respect to each other, the tones being input to the
correction filter.

[Claim 4]

The amplitude flatness and phase linearity calibrator as recited in claim 3 wherein the processing
means Comprises:

means for converting the detected output signal to digital samples; and

a processor having the digital samples as an input in order to compute from the digital samples a
magnitude and group delay for the specified average frequency and a phase response for the
specified frequency separations from which the calibration coefTicients are calculated so that the RF
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signal output has amplitude flatness and phase lincarity across the frequency bandwidth represented
by the tones.
[Claim 5]

The amplitude flatness and phase linearity calibrator as recited in claim 4 wherein the baseband
signal generator steps the specified average frequency across a desired RF frequency bandwidth for
the RF source so that the processor provides calibration coefficients for the correction filter at each
step so that the RF signal output has amplitude flatness and phase linearity across the desired RF

frequency bandwidth.

[ Abstract]

[Problem] Achieve amplitude flatness and phase linearity of an RF source.

[ Means for Solving Problem] A square law diode detector 22 and at least a pair of equal
amplitude frequency tones are used. A baseband generator 10 for the RF source generates the tones,
which are¢ applied in series to a correction filter 12 and an up-converter 20 to produce an output RF
signal. The tones are stepped across a specified frequency bandwidth, and at each average
frequency for the tones a magnitude and group delay is measured as well as a phase for the beat
frequency between the tones. The resulting measurements are used to caltbrate filter coefficients
for the correction filter 12 to assure amplitude flatness and phase linearity across the specified
frequency bandwidth.

[Representative Drawing] Figure 1
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