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1NVESTIGATION OF THE SPECTRAL DECOMPOSITION OF
QUAJ)RATURE ERROR SIGNALS

1. Introduction

Two asrects )f raciar anu communications oroiiens are Inc ie jeection aind es:matiwn
of received signals. Detection is 'he process wh.erebv ',he pireseolce oi a ectivec signal .s
:onfirmed. Estimation seeks to quantify the detected signal. The process of detection and
estimation can ibe aided by use ol a signal processing technique known is spectral decom-
position. This process decomposes an abservation by a .basis et which spans the -signal

space.1 One example of .his is radar doppler processing, %khereby the presence and '.elocity
of a target can be determined. When the particular 0-iss of signals b e~n2 inwestigated is
periodic the choice of a 'oasis set "or the decomposition of these signals may lead to the
selection of simple periodic functions. "he sines and cosines.

The most videly used technique for spectral decomposition brased upon this nasis set
's the Fourier transform. With the discrete Fourier :ransform DFT) a ,set of N uniformly

* spaced samples of the obserVed signal are proce."ed. The result is a aset it N uiniformly
spoaced harmonic estimates of the signal's periodic .oectrum. In practical applications of
the DEFT the signals of interest are subjected to three operations. sampling, the DFT. and
windowing, not necessarily in that order.

The discrete Fourier transform has been examined in some detail and some pitfalls
encountered when using the algorithm have been investigated. In particular. work on the
problems of aliasing. scalloping loss, and spectral leakage can be found in the literature. 2

TAhis paper examines the ipecial case of spiectral decomposition of complex signals contain-
ing quadrature -rror perturbations. Earlier work in this area revealed that a l)VT of a

* '.complex signal Ai;h quadrature errors would generate a false target response located at the
mirror image position relative to that of the true target. 3 These results are veriied and
e2xpanded upon in this paper. Also, the following algorithms are examined for po'Niule use
as band- partitioning filters of signals with quadrature errors; the discrete IIaft-leV
t.ransform, the FHadamard transform. and the Real DFT. The Real DFT ;s the erm- ted to
describe the discrete Fourier transform of reai jata.

2. Problem Definition

Many signal processing algorithms reauaire .iigitixed .npUt dut Lu: er ;~
complex numbers. These complex signals can )e derivecl ais part )f 'fe river eteclin
process by separating real s3ignais into in-phase inu ,uaur;iture comronents. In a coherent
Aerector an intermediate :reauency -ignal A i-s I u, - ~ s di%' ided -ouallv t)et'veen
:wo aaseroand mixers. These' two ignai s ire -ren u~e .v'ih mnuiliniied v tie w)Vo
-oherent ocai )sc:iliitor ignais .i'. en )ymvr w, :s oOP "i In \, - ieI V. hie :ig~
-iais -!xiting rom tne .%vo mix\ers .,re 'fhen ,)wrass .iler,,i 'o -eaifl nii , tie *~ir

;'jencv (oJ « o imlonentl A -,,,e mixing process .w IVuie g asieUe

A* %i % i
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These . :nais can b)e rerresented as a :omrlex sivnal -

Jea~l )r Aetec lon, "he .,oC'_ Ctnn-!s k~ ii ~ er n i~ d om .me dlo tntie-) AV I

degrees nu nave thie same uroiit.uce oeificient, In -eiiitv. to 0,15s ind imriiLu(tt ian
Vary greatly depending upon the quality ';Of the moet sdt ul ,erc~e n
on environmental conditions. These errors aire attributable ',o RF and IF filt~er -espOnse
rnismatcno-s. RZF and IF timedeiavs. quadrature ,lime deiavs. mixer r'nase ancu amplitude
misace.adlwastle mismatches, to name a :ew.t For T h isine1S nth

errors wii '-e nodeled as ?hrase ind ampitude errors .n tne 0 :r innei -eiatlVe o0 the I
c:hannei. Phase quadrature error ;s the amount )f deviation ;rom the dLeal pnase s<epara-
,ion of 90 degrees between the I and Q chiannels. The .mmr'itude quacirature error ;s the
diifference in ganbetween the two channels. The quadrature signal equations can now be
modified to reflect toiese errors and are given by

1(t) A .cosw It

Qr=(1-+E).A sin( wit -6'

whei e

E is the Fractional amplitude error.

0~ 0 s the phase error.

The net effect of these phase and amplitude quadrature errors on a signal's spectrum
is to create a false target response at the frequency which is the negative o-f oil. 'The sii/e of
this error response has been quantified by Sinskv and Wang and a technique for c'orrecting
:hese quadrature errors has been proposed by Churchill, Ogar. and Thompson5 and also by,
lfeydemann.' The power of the false image relative to the peak of the ideal -esponse is
4iven approximaeyb

mage power (amplitude error)

mgepower (phase error)

.vhere E is '.he f'ractional amoirlitude -rror rind 6 is !he phase error. Churchil. Ogar. ind
Thompson give an example of toe magnirWuoe Mt the effects of these two errors. For i. gain
error of 0.1. dB and a c-hase error of I degree the image power would i±ppear .40 d3 b )elow
the response )f- the true target. in practice 'hese two errors zan approach 2 deorees !n

% p~hase and 0.3 d8 in amoitude. Errors of -hims order can cause a measuranle deiroocation i
the perlormance 'Af many signal processing algorithms.

Once a Lietecteci ;ignai nias 7een lt nL~O i d Q nasehanu -ononents t s A teni
Aes~ranie *.o ororm some vpe )i iana-partitioning. i le ,iiscrete nefr o'ier iansi orm .s a
SIassic -ecnniuue :or -easoivinv i sampiei .vaveiorm nLO AS T)e(:Lrai cOmpronents.A
)anu0 - rarItLio~n ing 'liter ..nich irierates on real :aiiiea .va'.eiorms s-no'.von .i-, 'ti tli:cr1e

*-Iart~elv /transiorm DIT. 1 notnier )rtibogonaiization iii* orithm ' e 1ovIeStiated is a
'Ossiiie 'ransiorm nto hie ieunc. omain :5 'he loa-amari r.insir. oi la, a in a r

rans1-orm s )I in erett ocecaus e L .;,nt, '0 :00 lonen led .-er'. Qi:iit ii.:1 i 0non ionod

7' 17. 1
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The inverse DFT is given by

N -

f(7) "F(,)e = 0.1.2.

The DHT for reai valued sequences is given by

S(P .V f (r)cas(27rPr). v = 0,1.2. .V-1

The invorzp OHT is given as

f (r) = F(v)cas(2rv'r), r 0.1.2, V-1

*~l ,where cas 0 = cosO + sin0

The Hadamard transform is given by

f = [H IN F

where N =2k k =1, ..... For example"°" I ,
'',[H ]2 = + +

+ +

and

[.4- + + +
i,.[HI 4 " + - + -

1H- L

it ;s interesting to note that both the DHT and the lHadamard "ransform have the same
'weighting terms "or the forward and inverse directions. In practcal terms this couid pro-
vide- significant savings n hardware since the same weights and even the .ame algorithm

can be used for e-ther .he forward or inverse transform.

So-

6.

0-
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3. Effect of Qliadrature Errors on Baind Partitioning

E~he -?robflem S to rInd in al g.rithm x iiicn x~ i 7ake a .np n nu' ;F 'rn n

c~mr~ose .1 im LS neci nG mu e'. -e rit~ u.rur r r:

nave been given x'hicn :an '-e a1sed as )and-partitioning fliters. It remains ~o"e -,een,
which one of the f'our can be used in a system that has I. Q _hunnel perturbations au;eci

I by quadirature phase and amplitude errors and still provide a desired level of performance.
it has already been noted that the complex DFT will generate a false response Vhicn

.r increases as the square of the magnitude of the quadrature errors. This phenomenon will
be investigated analytically for any insight it might provide mnt the behavior of' the other
transforms. The fIlters will also be examined by b)uilding ' mrputer modiels A eaich
transform and then testing the band-partitioning performance of each algorithm in the
presence of phase and amplitude quadrature errors.

A DET is always used with some type of window weighting of the input data. Fo r
*the analysis to follow a rectangular window (uniform weighting' is used. By using a rec-

tangular window the frequency domain response of Whe filter will be realized by the
coherent addition of Dirichlet kernel's.7 The first input waveform t-' I- ex amined is a

discrete complex sinusoid given by

The discrete Fourier transform of this complex waveform is

'v-i -

(0= e ;

N1 sin -O)

N sin1

The result is a single Dirichlet kernel centered about the frequency 0.) (see Fig. 3). This is
the response for a complex sinusoidal input signal if no quadrature errors are present.

A discrete complex cosine signal with phase and amplitude quadrature errors can be
represented as follows

I1(t) A cos(n 0,)

Q = I1+ E)A sn(n 0, - )

1(t) ;Q I -I cnS~n 0 , - +-E )A sin(nrd-5

.1 here

E .s 'he tractional implitude error.



S she phase crror r amrie leia\

'I: em 7Oer~ dda~ n etn nwaci ~i., ne Lrror *-iJtt[ )n ire

n = osur ) sin -0 JuadrauUre -rxase -rror

-L r.) = cosn0) - (l+E)s inkn 0) quadrature ampiitude error

The DFT of the phase quadrature error complex signal is gviven as details in the kripendix)

V- 1

, = .V L.cos, n,) + -in9 e0 I-"

= Lc~s~n))e" + Z sln(n 0,-6)e-

6 11 [V+
S.- I Isin ) -n 00),

2N'v I 2Nv -

+. e

Sin I .sin _0 +9 j

%: I x
e. sin (O- )Isin (0 +0,))

sin -- 0) 2N in (00
22

The discrete Fourier transform has revealed an input signal composed of Your fre-
quency components. two each at ±o* The two kernels attributable to the imaginary corn-
Ponent of the input signal have a scaling factor which subjects the kernels t a uniform
twist. This result was obtained by using the shift theorem which states t.hat a positive
shift of a function in time will result in a uniform twist of the spectral components of -he
signal in frequency. Note that if there is no shifting of the input signal, 6=0. then the
spectrum reduces to that derived for the no error case. In fact. the resnonse for the no
error cae is composed if these four Kernels which coherently combine :nto a -,ng)e
response at 0,) wnen 6O=.

* The effective spectrum of the phase iiuadrature error signal is the coheren iodition
of the four Diricniet kernels. It can be seen that as (b increases the I :euuencv response oi
the band-partitioning filter will differ markedly -rom the ideal response. he prmar'

response centered about 9.) is generated by the addition oi two kerneis, :vhereas '_he mage
resronse centered about -4,) is generated byv the subtraction )f two kerneis. One )t each
c-i .Le kernels at =0n will -e twisted ov -he effect )f -he "ime nift. -\s ".e wisting
.ncreases the kerneis at -,9, wtil no ,onver :ie matched and he ;eep nuil ,at -his reuuencv

W'il Jegin to fill -n creating an image resvonse )f -oe ,ruler - -t the ,-reluencv . the

c;Ifets )f he .ime ;hiitin -viil inpear is , listortion )t the nain ne :-son,,e ee ig

l..

S"'i
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P-he .secondj P.e -iAarauer- )r inut n , : ii -,I fl ,C ie~

Similar steps are taken to determine the l)FT %)i this signal is .ere d~one for -,le ohas:e
error signal details in teAppendix)

1 -'- 1"p ~-Esinkrz q,,
V Z oslno 1 e-

i ,
1 - si V -1 2i --

sinsi

sin~+00) V IsiI 0'V -0,

Agi teforDiihitkenlsae enhwee ti rsonedifrsfomtato

befrei the erour perturbatioeneis noaresent heve ths response iffer rome sthal O

coherently combines into a single kernel response. The net effect of the amplitude e-rror is
the same as for the phase e2rror. A false target will appear at -he mage frequency. of -,he

true target with a magnitude given approx.mtl yi- (see Fig. 15).

It has been shown that a complex DFT will riesolve a quadrature error signal into its
suectral components. However. in addition t.o 'The Adosiredl nain response there, will hre an
image frequency response proportioiiat i o .ne amnount )i .quadrature error prosent in ,he
:nhaineL.. The image f -r~cuency response !s ca,--ec 'av -oe of twothilngs.* a twisting of thc
spectrai :omoonents Jue to the time sit caused 0% ',he phase error or an amphlude scal-
ing )f the kernels causedl '-) the amolitude error. !n a compiex DFT --he coherent iddition
of .he kernels t.akes piace within -he translorm. To aVOid '-he (omroining oi 7e quadrature
e!rrur erT2vi~n'n i ingle transiormn am rai :)FT is ised on e acn I li ine r i)anneis

at" .he -- cemver. The aisauvantage )t this Dr)F()i1(-! .w..:t'' -i - li nen 'eci

'.%o two eal )FT I il t WI ransiorm flt)o r Auni reamrs. in _9j,ine i nda ma-
7!nar..' :omoonent indi i ) fl-rannel. :eai no rra. inmir' :omronifen[ -. hle i.md\,;n-
age A 1 his iracni s nat t.he iuaOrair- r rror _moinex ioym\Ir-~~' ito

ancomninea -pectrai -terms rflat . . e iddA~r;tur(e rrors viil' 1ii t tanA

*,n -v r nd -:iannteis.

07 ,,Q



* ~r e xamrie. here u:re ;.adrature -rr- r. i'' 1 :"nal I 10'rn i 7- 'r ".I'. ril

n 4"m hn L,. E he -ee rome of iie et.)nu "int i~. 'N pont ' 1 t'~ 0r A r rn he

F 2,, = 'I 13~ .2,

F2t. = Q -- ), +1 -. Q,- 1'-Q2- -Is

As can be seen, the utrut of the b)and >.ill b)e made urp of combinations )t I ind 0 >am-
*,-led data Points. if a quad rature .ampiitude error a s low -rntroducec no 'he Q) :hnanne!

.he response of the imaginar': component of the second '-in w ill be

F 2 m a C I - 12 -C 3 + 14 1 Q -

The error has bteen dispersed unevenly among the terms and therefore :annot b'e efasilyI
remnoved from :he response. A possible method for combating this problem is to-, use Li reai
DFT on each of the I and Q channels of the receiver. The real DFT )f the I Lind 0 choirnel
data is given as follows

FU~ 2 z 1 -13 + 15-1. F 2 1 = - 4- 1.1 + [ j

F 22 R, Q C2 - Q., Q Cj P2C m Q CI -Q 3 +Q

The presence of the quadrature amplitude error in the Q channel will cause toe Q rel nd
imaginary components to be scaled as shown

F 2Cim a 1 C 3 + Q~ - -

By transforming each I and Q channel individually as real data it is possible to isolate the
quadrature error. After this step. an appropriate signal processing ;cheme can be u-sed to
compensate for these errors. A more general discussion of the DFT of real data followvs.

The real DFT of the discrete complex waveforrm is iccomplished r)% 'ran slormning
Lach channel individuallv. The real part of the discrete cOMoleX inpiut .wa'.eformn is

f, cos( n ' 1. i
2 . V-I

The real DFT )t this signal is

* -17:s 4

0



sin -in ,

'he -,,rum cons~sts of kerniels centered about ±j These ..ire the -ime 'ernels i-,

cibtained vith the compiex BET. The dilference s that :he kerneis are prt-ented 'is
,lie reai and ima-inar'; Darts Ai to'e transform of -he I cnannei A '-he ee.r

The riortion of The phase quadrature errnr ,laveform in The Q chiannel )f Therce.r
"as given bv

4 f rtn' sin(n 1 ii

The reai DT aI Tfhis signai is

V -

= -2,V -. V

sin V

I 2N eN

Again the two 'Kernels are the same as those obtained by using the compiex DFT. By using
-e eal DFT ind band-o.artitioning each I and Q channel leparatelv .he -esulting kernels
ri ot co)herently cOmbined :nto a single complex -es--ponse. Instead ,.he :.olation betwveen

wonout -nrinels S -naintamned and therefore The iuadrature errcr,, ire nro, nixed
acros)-s -eal ind maginary niandS. A% similar derivation can b)e done 'or --e imolitude qua-
drature -rro)r o;grai with comranaie results.

he arrt cvmnla ?Iaoarnari r: ranst or-ns vii] ilt!? - xamnll . o.ci G

their >-UUe'ic. - -snOnse v1:1 -,e -'nimined ind :r'ir o h 'hai owoineI ',)T 'li
)v ..sirtg 1: ta )mrnutfr 'o mrr'~eni vich -mnd - art imnw4 'or enjcrro :or

'iI .f 'Si'i n~Klwnr -re -2 .oe :Ontimu( u.s v~.~ r .~c-i ii

'.SO n0e 0I ce cmrMlllr rdt 1l.O'x-- -ne'eralion 0..-n, rr7:ox r c ,ai 1.00 00

nal vtir w im7n itude 100i 
2
*nise *i jadoi!re rror

-P -77



0 4. C7oinputer Results

71'1e res.t"l s '01tained nc.iil:,)r -tie neto r-,:'.i ii~ ""
a e lrie eu2~'iri' v:~~ : o r e -iz! 2ir:0~

- - xamTined ti the chowing )rcier an cmix).te ai 17. :.e)11T. nili
Hacuamard ,ranisiorm. -1he >11-T aco Ilaadmard trans,,crm a re ')eing nouees*ig-_teG -)ecajise
they. are both real one port operations which can be b)uilt to run faster than -,he iT) If
they have siat.sfdccorv iband -cart.,tioning characteristics .hev can he cseu :nsteau itof
real DFT for uecomposing a compiex signal into spectral tomvonents.

Fhe DFT of a complex valued cosinusoidai -.ignai should produce a 'ingle )lrichiet
,ernel response it 'he irequencv of the input %waveform. ;n Figoure 3 the response )i -t-e

-. ecouci :,n k Z) of ni point DFT is shlown. I hs -iot :s oi-taireci i netn

7iex cosine va-vefrm - swept in freauency trom - 4. o ---. nto the no int tononex

DFT. For the v-alues s;elected. ,-)in 2 snouid have its peak response at ' and tooat .S ) 'iat

4 . seen in --he figure. The shape of the kernel is determined by) toe -ve~ght Ipliiec 'o -he
s;ampled data. For this investigation a rectangular weignt is ased and tois is :,)nhi;--necIO
--he -13 JB sideiones. The -ov.erlay of all of the S bands is snowvn :n Ficure 4). This plIot
shows that a cimplex DFT will decompose an input wa\veform :nto S nilter '-anks 9 c

centered about tne Irequency k- 'i were jis the sample frequency and .V is thIe number
NV

* ~~of -oints in the DF.Th ndx rs from - o -. This is the hand--na rttioning

Iter response for complex valued waveforms.

p hase quadrature error of 10 degrees is now introducodc into the compiex flout sg
nal. The frequency. response of all eight bins is shown in Figures (5- 12). The frequency
response of the second bin of the complex DFT is shown in Figure (7)_ Phe fas tr

resonse is clearly visible at the image frequency. Acmaio wth igure o3. mnowvs
that the repneat the image frequency should be a deep niull and not a -0d3r sne
The reason ;or the change in the response of the complex i)FT is that the cohererit doI Iton

of the four Dirichiet kernels no longer results in a single Kiernel. The quadrature error 1i
10 degrees hL-as caused the spectral components of the kernel to be twisted unifo rm'v ,ith
frequencv. This twisting of the frequency response is due to the tLime delay caused by the
phase error. Recall that at -0) t.he two kernels add together and at -0,., t.he kerviel sZub-

tact. Th esult of this twisting of the kernels 's most noticeable at the image irequencv.
Vhile t.here mnay not be a noticeable zchange in ..le snape !f.te response at t.he -.'rimarv
:req ueric-' :' is Occurring.

The amplitude juadrature error w.ill prouce a -imiiar chanive in toie comriex

0reucyresponse. The frequenciv response 4i ail the )ins is showvn n f-i hgure o3-20
Fo)r thlese n iots the amplitude of tne Q chrannel :s tw.ice t-hat of toe co anneci. "!,.e F
!2e imrolitude ,A uadrature e-rror signal results in -our Dirichiet '.ernels centered aouIT,
whiere .wo )t *ne Kerneis have scaiing --actors proportionai to te ammiiiude -rr.ti
resnonse t the econd b,-in )f the OF, s snown n Figure 1 If .vcain ne se cr i
response S been toa ->e nresent centerea inout *.he mnae reuenC'V. "..te -eSUI,

* anerentlv iddin g .he :o)ur 'n~smatched 'kerneis .s ieen Io ~itect toe )v erail -,,srone )i !Ie
os ter -an. "he onange in -he mnare of he nainiobe ,nu >;c~eiones ai 'he reiut

%ine



rl'"SieUitC1 7-Sut .'e 'J e n t a n i, '1 n~u ic. :ni~I mrcs
n:rotrtiots lro\ icie isuai e,. idence o theiei resut iiLf .7cnter,-nt1 _.m'iinin"; t :e Jr

-1,Li' a . e -.xurnneG next.

The real DFT is applied to the I channel of 7he receiver ind the OUtputL Of iin 2 i
shown in Figure 21 ).This display Jiffers tfrom that seen i or the complex DFT. The -eali
DET zroduces two kernels centered about =:d, instead of the four <een wvitn the comnple:
DFT. The net response of the complex DFT was a single kernei centered about0,beue

fthwain.nch the Four k ernels coeetycombined x~itinin tne t-ansform. in tne
real DET there are no opposing k11ernels centered About -~there :s mniv one kNernel as :an
--e seen in Figure 1,21. The overall f'requencv response of the '.ilter hank is the result )i

tecoherent addition of these two kernels. The rserlav of all tohe flilter b~ank responses .s
s-hown in Fi.gure 22). It --an be seen that the overall response mnaintains the s;ymmetry

seen to be present in the complex DFT.

The transform of the Q channel of the receiver will produce -lots similar to those
already seen for bhe I channei. The effect of the phase uuadirature error Viil .e to rotate
the real and imaginary vectors about their axis.i -rhe magnitude response will appear to
)e the same at each phase error step. The ampitude quadrature -rror vill scale the
response of the filter by an amount proportional to the error.

The disadvantage of using the real DFT for spectral deCOmLnosition is that it creates a
two-in four-out type of network see Fig I). However. tL has been shown that this
approach will decompose a quadrature error complex valued signal into its periodic Spec-
trum. If it is preferable to maintain the two-in two-out configuration then the discrete
Hartley transform and Hadamard transform will satisfy this requirement. It remains to
be seen if these two algorithms are able to band-partition a time domain signal as weil as
the real DFT.

The D1-IT has been suggested as an alternative to the real DFT For several reasons.
The primary reason is the savings in compute time afforded by the single set of weignts
needed for both directions of the transform. The same is true f~or the fladamard
.~ ransform. The response of the second bin of the discrete Hartley transform for the cosine
input waveform is shown :n Figure (23). For the real DET of the same input waveform

the mainlooe vas centered about ~.For the DHT. the mainiobe s not centered about

and :s not ;vmmetricai. -he same tvpe of 'oenavior sl -Xihiblied b-v the other hnanos is
wel heoely fol hs ilesIsson : -ure 24). The DH-T may be useful is

a mnathematicai alternative to the relOFT 'out it aoes -iot iave mnuch merit is i and-
partitioning iliter.

The 'ast *ilter to ie -xamined is the liadamard 7 ransform. i'his iigorithm sNer
-sv mulemented dJue t.o -.he simplicity )f the veigfltim, terms. As, V1th tne 1)1-T the

;ame mer.ghts are u1sea for -ne (orw.arai and Inverse 'ranstorms. 'lie 'li: narci keionts are
-itnier -1 )r -1. The DHT ind the Tadamard ransf,)rm lavtt mru~r t-na\. or.. n oct.

- hnhe twVo trnforms t~re 'denticai.

.oe iiLer nanK iirnseen -ne - 'cus 0i -ns !ics,,ntin.ns )e OC e )i ne

a anks v .nicn 'n A-TF inu !iacamoro ran,.i orrm a,( n .rno. i:n'e-teen
orarng toe -eso-,onse 1 e ecino )in he hii ri )iin'ii ho U'vn n cr

0%
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,2 xth that :L r ie D-IT -. s en i F; -ure 23. Ie erail :es pnse ' The I Lidmard
rans:-rm .s;'c'.n n A . 'nXle Aoltai ie>C' .w.)Tl

:itgniighi "ne ;im iarlties etween these' t' o algorithms. lntor'unatelv he ll1d ;imard

..nsor i i ' ,e 'our nu)1JTlf~~ rnac ''l f ~

A5. Conclusions

This investigation was undertaken to examine the behavior of four band-7aritioning
filters. The complex DFT and real DFT were analyzed mathematically ;n )ruer to )btain a
better understanding of the mechanics of each algorithm. In the complex DFT tne spectrai
components of the signal are coherently combined internal to the transform. Fhis prncess
can be avoided by using using two real DFT's to filter the same input signal and thus keep
the I and Q channel data separated. The Hartley and Hadamard transforms were iesti-
gated by developing computer models of each algorithm and then testing each filter.

The complex DFT has been widely used as a band-partitioning filter in many digital
signal processing systems. As others have shown, there are problems with using this filter
in receiver systems with quadrature errors. The most significant effect of I,Q channel qua-
drature error is to cause a false image response to appear at a frequency which is the nega-
tive of the frequency of the target response. This behavior of the complex DFT vas
verified both mathematically and graphically. It is because of this perturbation of the sig-
nal spectrum, caused by the mixing of the quadrature errors between the real and ima-
ginary components of the spectrum, that the complex DFT makes a poor band-partitioning
filter under these conditions.

The Hartley and Hadamard transforms operate on real data. Each algorithm uses a
single set of weights to transform between the two domains of time and frequency. By
using only a single set of weights less memory is required for storage when these filters are
implemented in hardware. The basis set for the HartleV transform is ,iven bv
casO =cosO +sinO. For the Hadamard transform the basis set is quite simple. the values
± l. Even though each of these transforms can be efficiently implemented and do provide
the desired quadrature separation they do not make good band-partitioning filters. The
reason for this is that the input signals of interest are composed of sines and cosines and
the Hadamard transform basis set is not made up of these waveforms.

When the data from the I and Q channels of a receiver are transformed, using the
DFT. as two real numbers instead of a single complex number then the desired band-
partitioning filter is obtained. The difference is that by using quadrature separation. chan-
nel mismatches can be isolated to a particular spectral component. By doing this. succeed-

* :ng digital signal processing techniques can be used to compensate for these channel
mismatch errors and thereby achieve a desired level of system performance.
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"- Fa Appendix

The DFT f a signal with a phase quadrature error is derived as foilows

N-
F, ) = .V-  [cos(n 0,)) + jsin(nO,-F)] e-

.r- cos(n0)e - ' + - s in( O,-T )e-"'
t.-,• a=0 =

-. - 2 rvf

Shift Theorem" f (T-T) <---> e .v F(v)

-. By using the shift theorem the following can be shown

7_ . jsin(nGo-T)e_ -e le jv - e e'"

e IV

I 1 V- 1 eI
e " _ e e - 1 _ __.. A. = j2 j

. -,2N n 0.ro' si !e(o +o o)

1.v-1 sin -(0-00) sin -(0+0)

2 2

F0-e i + e--e- " 1~I
s _ NY sin N-0o) si n +

F*O -- Iev -.,o -____....._

) sin T0 ) sin sn (0 - 0 1))

22

' NIsin 1-(0 +0 ,) sn ,+0 ,))

:-i

i -e-:'r'-2

0

0. . - .- .- .- .- - . . - . % = .- - -,- ., . - -, - . -, o ,j 'Z'.' '.. ',.p .. . ,.



* Yhe DFT f ignai .vith in ampllitude -2uadrature -:rror ' :ri-,-d is

"V - I

+cosn O0)e"~ + ij1E )sin( n 0 ,e -

' Vi

- I .- -- e
y. 'Z j 1+E )si(n @,))e - 8 j1 +E -

I'. -(l E) '" 1 .';-1 -(l+ - e- ' --E 'n ;

-- sin -( 0 sin 0+0"
2 O___2N e2------- -e

s0n ( --0 ) sin (0 +0 )

• .- "(+ ) - 
I - (Oi ° sin (0 -o () N-li ( ° sin (0 ±0 O)

2N 1NN

S-1 sin (0- o) sin 1(+0)
2 

2

U ~~sin sino~ ___ (0+00

(..) -il.sin.IL v-isin[2+02

sin sin -(0 +0
2 2
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