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VECTOR CALIBRATION SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 09/730,681, ?led on Dec. 6, 2000, Which 
claims bene?t of US. Provisional Application No. 60/190, 
226, ?led Mar. 15, 2000. Both of those applications are 
incorporated herein by reference, and all US. patents or 
patent applications, published or appended articles, and any 
other Written materials incorporated by reference therein are 
also speci?cally incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] Communication systems frequently separate sig 
nals by using a plurality of signal paths that have a prede 
termined vector relationship. By suitably combining the 
signal paths, such systems can cancel out undesired signals 
by mathematically exploiting predetermined phase and 
amplitude relationships betWeen respective signal vectors of 
each signal path. 

[0003] Quadrature image rejection receivers employ sig 
nal paths having a quadrature relationship to discriminate 
betWeen signals having positive frequency (above DC) and 
negative frequency (beloW DC). Quadrature direct conver 
sion receivers separate points in a tWo-dimensional signal 
space using the orthogonality of quadrature signals to de?ne 
axes of the signal space. Array processors couple signal 
processing circuitry to array elements (e.g., antennas, ultra 
sonic transducer elements, etc.) via signal paths having 
particular phase and amplitude relationships to de?ne a 
desired beam pattern. For example, an array beamformer 
may provide signal paths to antenna elements of an array 
With equal phase and a WindoWed (i.e., tapered) distribution 
of amplitudes to de?ne a broadside beam having superior 
sidelobe rejection. The beamformer may vary the gain 
and/or phase betWeen elements to steer the beam to a 
particular deviation from broadside. 

[0004] Many communication systems require precise vec 
tor matching betWeen signal paths to achieve a high degree 
of separation betWeen desired and undesired signals. To 
obtain 50 dB of quadrature image rejection, for example, an 
in-phase and quadrature signal are required to have no more 
than about 0.6% amplitude mismatch and about 10.4 
degrees of phase mismatch from quadrature. Comparable 
levels of vector matching are required betWeen elements of 
an array having 50 dB of sidelobe rejection. 

[0005] Conventional communication systems employ 
digital signal processing to determine vector mismatch 
betWeen signal paths and correct the mismatch. The preci 
sion to Which such systems can correct mismatch is limited, 
hoWever, because the mismatch often varies With frequency 
and is dif?cult to determine With enough precision to achieve 
high separation betWeen desired and undesired signals. 
Consequently, the need remains for determination of vector 
mismatch across a range of frequencies and With greater 
accuracy. 

SUMMARY OF THE INVENTION 

[0006] According to various aspects and methods of the 
present invention, a signal processing system determines 
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vector mismatch betWeen a plurality of signal paths. Advan 
tageously, such a system can determine mismatch across a 

range of frequencies. A signal generator can provide a 
periodic calibration signal having a plurality of frequency 
components. The system frequency translates the calibration 
signal to provide a ?rst set of observed samples. The ?rst 
sample set is compared to a second set of samples, Which are 
modeled by a function of parameters including an estimated 
vector mismatch and a plurality of basis functions. A value 
of vector mismatch is determined (at least to an estimate) 
that minimiZes the difference betWeen the ?rst sample set 
and the second sample set. 

[0007] According to one advantageous aspect of the 
invention, the calibration signal comprises multiple tones 
having predetermined gain, phase and frequency relation 
ships to each other. By providing a periodic calibration 
signal With a plurality of tones, the signal processing system 
is able to concurrently determine vector mismatch at the 
frequency of each tone. Consequently, the system can deter 
mine mismatch across a range of frequencies simply and 
ef?ciently. 

[0008] By minimizing the difference betWeen a set of 
observed samples and a set of samples modeled by basis 
functions, the system can determine vector mismatch using 
linear techniques. According to various advantageous 
aspects of the invention, deterministic least squares can be 
employed. Straightforward and ef?cient recursive tech 
niques such as least mean squares (LMS) and recursive (i.e., 
adaptive) least squares (RLS) can also be employed. 

[0009] By continuously or periodically updating its deter 
mination of vector mismatch, a system according to a further 
aspect of the invention can accommodate nonstationary (i.e., 
time-varying) errors. 

[0010] A system according to another advantageous aspect 
of the present invention provides a phase-synchronous cali 
bration signal. After frequency translation, components of a 
phase-synchronous calibration signal are matched in fre 
quency With components of modeled signals, Which are 
mathematically modeled by one or more basis functions. In 
one such system, a baseband calibration signal that is 
phase-synchronous With the basis functions is frequency 
translated to RF With a ?rst mixer and frequency translated 
again to baseband or a loW-IF frequency range With a second 
mixer or pair of mixers. Advantageously, the ?rst mixer and 
second mixer (or mixer pair) can be fed by signals from the 
same local oscillator output. Thus, the frequency-translated 
calibration signal remains phase-synchronous With the basis 
functions even When the local oscillator output is subject to 
phase variations. 

[0011] A system according to still another advantageous 
aspect of the present invention provides a plurality of ?rst 
sample sets. The system determines, at least to an estimate, 
a plurality of vector mismatch values by comparing each 
respective ?rst sample set to a respective second sample set 
modeled by basis functions and minimizing the difference 
betWeen the compared sample sets. By statistically combin 
ing the values of vector mismatch determined for each one 
of the plurality of ?rst sample sets, such a system can 
improve accuracy of the mismatch determination While 
keeping the interval of each sample set relatively short. 
Sample sets having shorter intervals are less prone to 
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problems caused by local-oscillator induced phase variation 
between the frequency-translated calibration signal and the 
basis functions. 

[0012] Quadrature receiver and array processor systems 
operating in accordance With further aspects of the invention 
determine and correct vector mismatch across a range of 
frequencies, thus providing improved performance. Vector 
mismatch betWeen in-phase and quadrature signal paths can 
be more accurately and e?iciently determined and corrected 
across a range of frequencies to improve demodulator per 
formance or image rejection. Similarly, vector mismatch 
betWeen array elements can be better determined and cor 
rected to improve array ef?ciency and sidelobe rejection. 

BRIEF DESCRIPTION OF THE DRAWING 

[0013] Various embodiments of the present invention are 
described beloW With reference to the draWing, Wherein like 
designations denote like elements. 

[0014] FIG. 1 is a schematic block diagram of a radio 
receiver implementing functions of a vector calibration 
system according to various aspects of the present invention. 

[0015] FIG. 2 is a schematic block diagram of a digital 
signal processor of the receiver of FIG. 1. 

[0016] FIG. 3 is a schematic block diagram of a baseband 
calibration signal generator of the receiver of FIG. 1. 

[0017] FIG. 4 is a functional block diagram illustrating 
functions performed according to various aspects of the 
present invention by the digital signal processor of FIG. 2. 

[0018] FIG. 5 is a How diagram of a method of the 
invention for vector mismatch determination using deter 
ministic least-squares processing. 

[0019] FIG. 6 is a How diagram of a method of the 
invention for vector mismatch determination using Least 
Mean Square (LMS) processing. 

[0020] FIG. 7 is a How diagram of a method of the 
invention for vector mismatch determination using Recur 
sive Least Square (RLS) processing With an exponential 
forgetting WindoW. 

[0021] FIGS. 8-10 are simulated time-domain plots illus 
trating frequency-translated quadrature calibration signals 
suitable for use in the receiver of FIG. 1, Wherein the signals 
are mismatched in phase from a quadrature relationship. 

[0022] FIGS. 11-13 are simulated time-domain plots illus 
trating frequency-translated quadrature calibration signals 
suitable for use in the receiver of FIG. 1, Wherein the signals 
are mismatched in amplitude from a quadrature relationship. 

[0023] FIGS. 14-16 are simulated time-domain plots illus 
trating frequency-translated quadrature calibration signals 
suitable for use in the receiver of FIG. 1, Wherein the signals 
are mismatched in both phase and amplitude from a quadra 
ture relationship. 

[0024] FIGS. 17 and 18 are simulated plots of a residual 
signal envelope and smoothed envelope, respectively, illus 
trating reduction of the difference betWeen an observed 
calibration signal and a modeled calibration signal during 
simulated operation of vector mismatch calibration accord 
ing to various aspects of the present invention. 
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[0025] FIGS. 19-21 are simulated plots of relative ampli 
tude (in dB) of an undesired image signal, illustrating 
improvement in image rejection during simulated operation 
of vector mismatch calibration according to various aspects 
of the present invention. 

[0026] FIG. 22 is a simulated frequency-domain plot 
illustrating frequency response of an exemplary noise reduc 
tion ?lter that may be used during vector mismatch calibra 
tion according to various aspects of the present invention. 

[0027] FIG. 23 is a simulated frequency-domain plot 
illustrating frequency response of the ?lter of FIG. 22 When 
implemented at a 360 kHZ sample rate. 

[0028] FIG. 24 is a simulated frequency domain plot 
illustrating frequency response of an exemplary anti-aliasing 
?lter of the receiver of FIG. 1 and the ?lter of FIG. 22 When 
implemented at a 360 kHZ sample rate. 

[0029] FIG. 25 is a simulated frequency-domain plot 
illustrating a cascaded frequency response of the ?lters of 
FIG. 15. 

[0030] FIG. 26 is a schematic block diagram of an array 
processor implementing functions of a vector calibration 
system according to various aspects of the present invention. 

DESCRIPTION OF PREFERRED EXEMPLARY 
EMBODIMENTS 

[0031] A vector calibration system according to various 
aspects of the present invention provides numerous bene?ts, 
including concurrently determining vector mismatch 
betWeen a plurality of signal paths across a range of fre 
quencies. Such a system can be advantageously imple 
mented in any communication system that separates signals 
using a plurality of signal paths having a predetermined 
vector relationship. As may be better understood With ref 
erence to FIG. 1, for example, a loW-IF receiver 100 
employs quadrature signal paths to separate desired signals 
from image signals having opposite frequencies. Conven 
tional loW-IF (loW intermediate frequency) receivers reduce 
the complexity of IF processing by performing the process 
ing at frequencies that are much closer to the baseband 
frequency range of a signal of interest than the RF frequency 
of the signal. In a receiver variation having circuitry similar 
to that of receiver 100, quadrature signal paths are employed 
to separate frequency components of a signal that is directly 
converted to baseband frequencies. In accordance With the 
invention, receiver 100 includes hardWare and softWare for 
correcting mismatch from a quadrature relationship across 
its loW-IF frequency range. 

[0032] As discussed in detail beloW, receiver 100 includes, 
inter alia, a calibration signal subsystem 150 for implement 
ing an exemplary vector calibration system. Receiver 100 
also includes circuitry that conventionally converts a 
selected radio frequency (RF) signal to baseband informa 
tion. This circuitry includes an RF input port 102 (e.g., a 
suitable type of coaxial connector), a front-end stage 104, a 
frequency translation subsystem 110, a digital subsystem 
130, a control subsystem 140, and a clock generator 145. 

[0033] Front-end stage 104 receives RF signals from input 
port 102 and ampli?es the signals using a conventional 
loW-noise ampli?er. Preferably, front-end stage 104 selec 
tively ampli?es signals from a frequency band of interest 
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(e.g., one of the frequency bands for cellular telephone 
doWnlink signals) While at least partially rejecting signals 
outside the band of interest. Front-end stage 104 couples the 
ampli?ed signals to frequency translation subsystem 110 
through a sWitching device 106, the purpose of Which is 
discussed beloW. Frequency translation subsystem 110 con 
veys the selected RF signal to digital subsystem 130 in a 
frequency translated, ?ltered form. Digital subsystem 130 
samples and digitiZes the selected frequency-translated sig 
nal and subjects the signal to further signal processing in the 
digital domain. Clock generator 145 provides synchroniZed 
clock signals to various portions of receiver 100, preferably 
by dividing doWn the high frequency output of a high 
stability master oscillator (e.g., a temperature-compensated 
crystal oscillator) by various divide ratios. (Even-numbered 
divide ratios are preferred, With poWers of tWo being par 
ticularly ef?cient to implement.) 

[0034] Frequency translation subsystem 110 includes a 
pair of mixers 112 and 114, a local oscillator 116, and 
bandpass ?lters 118 and 119. Local oscillator 116 provides 
in-phase and quadrature outputs to mixers 112 and 114, 
respectively. Responsive to the RF input from front-end 
stage 104 and respective inputs from local oscillator 116, 
mixers 112 and 114 translate RF signals of interest into 
in-phase and quadrature signals, respectively, Within a loW 
IF frequency range. The in-phase and quadrature signals are 
?ltered by respective bandpass ?lters 118 and 119 to perform 
an initial selection of a relatively narroW frequency range of 
interest (e.g., one signal channel) Within the loW-IF fre 
quency range. 

[0035] Digital subsystem 130 includes A/D converters 120 
and 122 and a digital signal processor (DSP) 132. A/D 
converters 120 and 122 sample the in-phase and quadrature 
signals, respectively, from frequency translation subsystem 
110 and convert the signals into digital data. Bandpass ?lters 
118 and 119 of frequency translation subsystem 110 are 
preferably con?gured to substantially reject signals at fre 
quencies above the loW-IF frequency range that Would alias 
into the frequency range after sampling. (As set forth in 
Appendix D, loWpass ?lters can also be employed.) A/D 
converters 120 and 122 convey the digital data to DSP 132 
in any suitable format, serial or parallel. DSP 132 performs 
digital signal processing. Preferably, this processing 
includes (1) selecting a signal of interest from Within the 
loW-IF frequency range of the signals represented by the 
digital data, (2) rejecting signals Within an undesired image 
frequency range opposite the frequency of interest, and (3) 
translating the signal of interest into a baseband output 
signal. The baseband output signal can be a spectral copy of 
the signal of interest that has been frequency translated to 
baseband frequencies. Alternatively, the baseband output 
signal can be a representation of baseband information 
demodulated from the signal of interest. 

[0036] Functions of frequency translation subsystem 110 
and digital subsystem 130 can be implemented by any 
suitable hardWare and/or softWare. For example, U.S. Pat. 
No. 5,937,341 issued Aug. 10, 1999 to Suominen discloses 
suitable hardWare and softWare that provides particular 
advantages including simpli?ed tuning of local oscillator 
116 and reduced computational burden in DSP 132. This 
aforementioned patent is referred to herein as the ’341 
patent. The detailed description portion of the ’341 patent 
(and referenced draWing ?gures) is incorporated herein by 
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reference. The detailed description portions of any patents or 
patent applications referenced in the ’341 patent are also 
speci?cally incorporated herein by reference. 

[0037] As discussed above, receiver 100 employs in-phase 
and quadrature signal paths to separate signals of interest 
from image signals having frequencies of equal magnitude 
but opposite sign (i.e., inverse or mirror frequencies). Cir 
cuitry in the in-phase signal path includes mixer 112, band 
pass ?lter 118, and A/D converter 120. Circuitry in the 
quadrature signal path includes mixer 114, bandpass ?lter 
119, and A/D converter 122. The separation betWeen signals 
of interest and image signals in receiver 100 is degraded by 
vector mismatch betWeen the in-phase and quadrature signal 
paths. (In a variation, a single A/D converter samples both 
the in-phase and quadrature signals.) 

[0038] Vector mismatch betWeen the in-phase and quadra 
ture signal paths can arise from a number of sources includ 
ing deviations from a quadrature relationship betWeen 0 
degree and 90 degree output signals of local oscillator 116, 
variations in mixers 112 and 114, variations in the transfer 
functions of ?lters 118 and 119, varying sensitivity of A/D 
converters 120 and 122, and variations in propagation delay 
betWeen these components. Frequently, the vector mismatch 
caused by these sources various as a function of frequency. 
For example, varying transfer functions of bandpass ?lters 
118 and 119 can cause frequency-dependent vector mis 
match across the loW-IF frequency range of receiver 100. 

[0039] Receiver 100 implements functions of a vector 
calibration system to correct vector mismatch and thus 
improves separation betWeen signals of interest and image 
signals. A vector calibration system according to various 
aspects of the present invention can be implemented by any 
suitable combination of analog circuitry, digital circuitry, 
and/or softWare that controls execution of softWare-based 
digital circuitry to perform computations and digital signal 
processing functions. For example, circuitry of receiver 100 
includes circuitry that is con?gured for implementing an 
exemplary vector calibration system, including clock gen 
erator 145, a calibration signal subsystem 150, sWitching 
device 106, and digital subsystem 130. Calibration signal 
subsystem 150 generates an RF calibration signal S2 having 
frequency components Within the frequency band of interest. 
Clock generator 145 provides a time base for the calibration 
signal. Frequency translation subsystem 110 translates the 
RF calibration signal back doWn in frequency, (to the loW-IF 
range of frequencies employed by receiver 100) to provide 
an in-phase calibration signal S311 and a quadrature calibra 
tion signal S319. 

[0040] Digital subsystem 130 digitiZes calibration signals 
S311 and 83b to provide a set of observed samples and 
implements functions of a vector calibration system that 
determines vector mismatch based on those samples. The 
vector calibration system also performs suitable digital 
signal processing to at least partially correct the vector 
mismatch. An exemplary multi-frequency vector calibration 
system 400 that can be implemented by hardWare and/or 
softWare of digital subsystem 130 may be better understood 
With reference to the functional block diagram of FIG. 4. 
Digital subsystem 130 also implements functions of a con 
ventional baseband translator 440, for example in accor 
dance With the disclosure of the ’341 patent. In a variation 
employing direct-conversion (e.g., frequency translation 
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directly from RF to baseband) baseband translator 440 can 
be a conventional quadrature direct-conversion tuner 
(implemented digitally). 

[0041] Functional blocks of exemplary system 400 
include a sample modeling and mismatch determination 
subsystem 410, a correction coef?cient generator 420, and a 
digital ?lter 430. In receiver 100, system 400 receives 
calibration signals S311 and S319 from frequency translation 
subsystem 110 via in-phase and quadrature inputs, labeled in 
FIG. 4 as I and Q. Based on the calibration signals S311 and 
S319, sample modeling and mismatch determination sub 
system 410 determines a mismatch parameter vector [3 that 
is representative of vector mismatch betWeen the in-phase 
and quadrature signal paths. Correction coe?icient generator 
420 converts the mismatch parameter vector [3 into correc 
tion coef?cients that digital ?lter 430 employs to correct the 
vector mismatch. 

[0042] Sample modeling and mismatch determination 
subsystem 410 compares the observed samples from digi 
tiZed calibration signals S311 and S3!) to a set of modeled 
samples, Which it generates either as actual samples or 
conceptually. Subsystem 410 models the modeled samples 
as a function of parameters including an estimated vector 
mismatch and a plurality of basis functions. Subsystem 410 
determines a value of vector mismatch that minimiZes the 
difference betWeen the observed samples and the modeled 
samples. 

[0043] The modeling function can include other param 
eters, for examples indicia of environmental conditions. A 
communication system implementing vector mismatch cali 
bration according to the invention can include one or more 
environmental sensors for providing indicia of one or more 
environmental conditions. One example of an environmental 
conditions that can in?uence vector mismatch is temperature 
of circuitry in the communication system. Another environ 
mental condition that can be determined by circuitry con 
trolling the local oscillator of a communication system is the 
frequency of local oscillator. The local oscillator may have 
quadrature signals Whose phase relationship varies some 
What over a frequency range. Incorporating the local oscil 
lator frequency to the model may help improve its accuracy. 

[0044] Vector [3 can consist of the amplitudes of each basis 
function used to model samples matching the observed 
samples of signals S311 and S319. This exemplary form of 
parameter vector [3 is discussed in detail beloW With refer 
ence to FIGS. 5-7 and Appendices A,B, and C, Which are 
integral to the speci?cation of this application and incorpo 
rated by reference as discussed beloW. 

[0045] Correction coef?cient generator 420 and digital 
?lter 430 can cooperate in any suitable manner to correct 
vector mismatch based on a mismatch parameter vector [3. 
When vector [3 represents amplitudes of modeling basis 
functions, for example, correction coef?cient generator 420 
can compute amplitude and phase mismatch betWeen signal 
paths based on the basis function amplitudes. Appendix A 
describes an example of such a computation, particularly 
With reference to equations labeled (11) and (12). 

[0046] Advantageously, calibration signals S311 and S319 
have multiple tones in exemplary receiver 100 and system 
400. (Appendix B discloses a tWo-tone calibration signal.) 
Using the values of amplitude and phase mismatch that it 
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computes at each tone of calibration signals S311 and S319, 
generator 420 can form complex exponentials correspond 
ing to frequency-dependent vector mismatch. Generator 420 
can then derive coefficients of an impulse response that is 
inversely representative of the vector mismatch based on the 
complex exponentials. Generator 420 can derive these coef 
?cients by applying the complex exponentials to appropriate 
frequency bands of an inverse fast Fourier transform (IFFT). 
Digital ?lter 430 realiZes this impulse response, preferably 
as an ?nite-impulse-response (FIR) ?lter. 

[0047] In a variation of subsystem 400, a conventional 
adaptive FIR is employed to correct vector mismatch With 
out the need for the vector mismatch to be determined. Since 
the desired relationship of calibration signals S311 and S3!) to 
baseband calibration signal S1 is knoWn (or easily deter 
mined), an error signal (i.e., the difference betWeen observed 
and modeled samples) can be generated that re?ects the 
deviation(s) of S311 and S311 from the ideal. This error signal 
can then be incorporated into a conventional LMS algorithm 
for determining the adaptive FIR ?lter coef?cients. In this 
advantageous variation, the estimated parameter vector 
directly contains the FIR ?lter coefficients. In this variation, 
the difference betWeen the ?rst sample set (observed 
samples) and the second sample set (actual or conceptual 
modeled samples) is minimiZed not to determine a value of 
vector mismatch, but to correct the mismatch Without need 
ing to knoW What it is. 

[0048] Operation of exemplary receiver 100 and vector 
calibration system 400 may be better understood With ref 
erence to simulation plots of FIGS. 8-15. In the simulation, 
receiver 100 is a loW-IF receiver con?gured to select one of 
three frequency-translated channels from a loW-IF fre 
quency range betWeen 60 kHZ and 120 kHZ. The three 
channels have 20 kHZ bandWidth and are adjacent. If 
desired, receiver 100 can be con?gured in accordance With 
the disclosure of the ’341 patent to obtain improved digital 
signal processing e?iciency and doubled local oscillator step 
siZe (e.g., 120 kHZ instead of 60 kHZ). Calibration signal 
subsystem 150 provides RF calibration signal S2 With 
components at three offset frequencies above and beloW the 
output frequency of local oscillator 116. These offset fre 
quencies are :70 kHZ, :90 kHZ, and 1110 kHZ. Frequency 
translation subsystem 110 converts signal S2 into in-phase 
and quadrature signals S311 and S319 using the same output 
frequency of local oscillator 116. Thus, signals S311 and S311 
each contain three tones (at 70, 90, and 110 kHZ), Which are 
matched to the offset frequencies of signal S2. (The simu 
lation assumes that frequency translation of signals S1, S2, 
and S311, S311 causes no gain or phase distortion of the 
calibration signals.) 

[0049] Vector mismatch betWeen signal paths of fre 
quency translation subsystem 110 cause calibration signal 
S311 and S3!) to dilfer. FIGS. 8, 11, and 14 are time-domain 
plots illustrating calibration signals S311 and S311 on the same 
axes With differences caused by phase-only, amplitude-only, 
and phase/amplitude types of vector mismatch. FIGS. 8-10 
illustrate dilferences caused by phase mismatch betWeen 
signal paths, FIGS. 11-13 illustrate dilferences caused by 
amplitude mismatch, and FIGS. 14-16 illustrate differences 
caused by vector mismatch comprising both phase and 
amplitude mismatch. In FIGS. 8-10, the 70, 90, and 110 kHZ 
tones of signals S311 and S319 have relative amplitudes (i.e., 
amplitude-type vector mismatch) of —l, 0, and +1 dB, 
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respectively. In FIGS. 11-13, these tones have relative 
phases (i.e., phase-type vector mismatch) of +1, 0, —2 
degrees, respectively. In FIGS. 14-16, these tones have the 
combined vector mismatches illustrated in FIGS. 8-10 and 
FIGS. 11-13 (phase/amplitude-type vector mismatch). 

[0050] Each plot of FIGS. 8-10 includes a respective 
dashed box 910, 1110, and 1410 highlighting a sub-interval 
Within the interval of the plots. In this time interval, differ 
ences betWeen signals S311 and S319 are particularly appar 
ent. FIGS. 9, 12, and 15 are time-domain plots illustrating 
calibration signals S311 and S311 Within the sub-interval of 
dashed boxes 910, 1110, and 1410. FIGS. 10, 13, and 16 are 
time-domain plots illustrating signals of the difference 
betWeen the calibration signals S311 and S319 (i.e., a residual 
signal) illustrated in FIGS. 8, 11, and 14, respectively. 

[0051] A vector mismatch calibration system according to 
various aspects of the present invention determines (at least 
to an estimate) a value of vector mismatch that minimiZes (at 
least doWn to an acceptable local minimum or the system 
noise level) the difference betWeen samples of an observed 
calibration signal and samples of a modeled calibration 
signal. The system compares the observed samples are 
compared to the modeled samples Without the modeled 
samples necessarily needing to be stored in any separate 
form. In other Words, the modeled samples may exist only 
mathematically in the equations used during comparison. 
The system generates the modeled (again, not necessarily as 
actual data values) by a mathematical function of parameters 
including (1) an estimated vector mismatch (e.g., estimated 
phase and/or amplitude) and (2) a plurality of basis func 
tions. This modeling is discussed in further detail beloW With 
reference to FIGS. 4-7. The parameters can also include 
indicia of environmental conditions such as temperature or 
local oscillator frequency. 

[0052] An actual vector calibration system of the inven 
tion using discrete-time processing compares samples of 
observed and modeled signals rather than actual continuous 
time signals. HoWever, the comparison process may better 
understood (With reference to the plots of FIGS. 8-10) by 
vieWing signal $319 as the observed signal and signal S311 as 
the modeled calibration signal. The more the system can 
minimize the difference betWeen signals S311 and $319, the 
smaller the residual signal of FIGS. 10, 13, and 16 Will 
become. To minimiZe this difference and thus model the 
observed calibration signal, the system seeks to minimiZe 
the amplitude of the residual signal, either iteratively or 
deterministically. 

[0053] Initially, the residual signal can be expected to have 
a relatively high amplitude because the absolute phase of the 
observed calibration signal is not knoWn. In receiver 100, 
the observed calibration signals S311 and S311 are ?ltered 
component signals of a frequency-translated calibration sig 
nal S3, Which is derived from RF calibration signal S2, 
Which is a frequency-translated copy of baseband calibration 
signal S1. In other Words, the signal How is as folloWs: S1 
(baseband) to S2 (RF) to S3 (frequency-translated) to S311 
and S319 (?ltered, quadrature split). Even though the mod 
eled calibration signal can be matched relatively closely in 
phase to the originating baseband calibration signal S3, the 
intervening signal processing that converts signal S3 to 
observed calibration signal S311 or $319 causes unpredictable 
phase o?fsets. Fortunately, the absolute phase is unimportant. 

Nov. 23, 2006 

The inventive vector mismatch calibration system only 
needs to determine the relative phases betWeen tWo or more 
signal paths, not their absolute phase delay. 

[0054] FIGS. 17 and 18 are simulated plots of a residual 
signal envelope and smoothed envelope, respectively, illus 
trating reduction of the residual signal during operation of 
the vector calibration system. As the residual signal ampli 
tude diminishes, the modeled calibration signal more closely 
approximates the observed calibration signal and the vector 
calibration system converges to a more accurate determina 
tion of vector mismatch. 

[0055] FIGS. 19-21 are simulated plots of the relative 
amplitude of an undesired image signal (in dB), illustrating 
increasing image rejection during operation of the vector 
calibration system. FIG. 19 illustrate undesired image signal 
amplitude at the center of the 70 kHZ channel of exemplary 
receiver 100, While FIGS. 20 and 21 illustrate undesired 
image signal amplitude for the 90 and 110 kHZ channels, 
respectively. As the system converges to a more accurate 
determination of vector mismatch, the mismatch can be 
corrected more accurately. Image rejection improves as a 
result. 

[0056] FIGS. 22-25 are simulated frequency-domain plots 
illustrating frequency response of analog and digital ?lters 
of exemplary receiver 100. Receiver 100 implements analog 
(i.e., continuous-time) ?ltering in bandpass ?lters 118 and 
119, and implements digital (i.e., discrete-time) ?ltering as 
part of sample modeling and mismatch determination sub 
system 410. Subsystem 410 performs digital ?ltering of the 
in-phase and quadrature signals entering digital subsystem 
130 before it performs sample modeling and mismatch 
determination. Because exemplary calibration signals S311 
and S3!) of receiver 100 contain tones only at desired 
frequencies, ?ltering can be omitted for simplicity but at the 
expense of increased overall noise levels. In variations 
Where the calibration signal(s) contain undesired tones, 
?ltering is more important to ensure convergence of sample 
modeling. 
[0057] FIG. 22 illustrates the baseband frequency 
response of an exemplary digital ?lter implemented in 
subsystem 410, across a frequency range tWice the Nyquist 
limit of the ?lter. FIG. 23 illustrates frequency response of 
the ?lter of FIG. 22 When digital subsystem 130 processes 
signals entering the digital ?lter at a 360 kHZ sample rate. 
This frequency response has deep but narroW spectral nulls, 
Which provide particular advantages for certain types of 
calibration signals, as discussed in further detail beloW. 

[0058] FIG. 24 is a simulated frequency domain plot 
illustrating an exemplary frequency response of bandpass 
?lters 118 and 119 in dashed lines and the digital ?lter of 
subsystem 410 (When implemented at a 360 kHZ sample 
rate) in solid lines. The frequency response of bandpass 
?lters 118 and 119 reaches a signi?cant level of stop band 
attenuation by the time the frequency of response of the 
digital ?lter reaches its ?rst alias, at about 240 kHZ. 

[0059] FIG. 25 is a simulated frequency-domain plot 
illustrating a cascaded frequency response of bandpass ?l 
ters 118 and 119 and digital ?lter of subsystem 410. The 
respective ?lters add several dB of ripple to the passband of 
receiver 100. 

[0060] A multi-tone calibration signal according to vari 
ous aspects of the present invention can be employed to 
















