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INVESTIGATION OF THE SPECTRAL DECOMPOSITION OF
QUADRATURE ERROR SIGNALS

1. Introduction

Two aspects of radar and communications rraniems are the Jdefection and esiimation
of received signais. Detection i1s the process ‘whereby the presence of a recerved signal s
confirmed. Estimauion seeks t0o quantifyv the detected signal. The process of detection and
astimation can »e aided by use of a signal processing technique known is spectral decom-
position. This process decomposes an observation by 4 basis set which spans the signal
space.! One example of this is radar doppler processing, whereby the presence and elocity
of a target can be determined. When the parucular ciass of signals hemng investigated s
periodic the choice of a hasis set for the decomrposition of these signals mav iead to the
selection of simple periodic functions. the sines and cosines.

The most widelyv used technique for spectral dJecompesition based upon Lhis nasis set
is the Fourier transform. "With the discrete Fourier iransform (DFT) a set of N uniformly
spaced samples of the observed signal are processed. The result 1s a set of N\ umiformly
spaced harmonic estimates of the signal's periodic spectrum. In practical applications of
the DFT 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 1n some detail and some pitfalls
2ncountered when using the algorithm have been investigated. [n particular. work on the
problems of aliasing, scalloping loss. and spectral leakage can be found in the literature.’
This paper examines the special case of spectral decomposition of compiex signals contain-
ing quadrature error perturbations. Earlier work in this area revealed that a DIT of a
compiex signal with quadrature errors would generate a false target response located at the
mirror image position relative to that of the true target.’ These results are verified and
axpanded upon n this paper. Also. the following algorithms are examinea for possibie use
is band-partitioning filters ot signals with guadrature errors: the discrete Harliey
iransform. the Hadamard transform. and the Real DFT. The Real DFT is the term used to
Jescribe the discrete Fourier transform of reai aata.

2. Problem Definition

Many signal processing algorithms require ‘higitized input Jdata 1o De représcnicd 5V
complex numbers. These complex signais can e dJderived as part Jf “he recerver .etection
orocess by separating real signais into in-phase ang juadrature components. In a coherent
jetector an intermediate requency ugnai A cos twe - wy !t s Jdivided coually detween
1wo Jasenand muxers. These iwo signals are “hen nixed ¥th Cmuitipied voone two
:oherent ‘ocal osc:ilator gnals Jiven 2y lLoswad ad

e

\

Tanwed o cespectiveiv. The g
Nals =X1Ung rom the VO MiKers are "hen [owpass allered "o jetain anis Che nifferenee re-
juency wy Ky, Jomponent of The MIXING Process. | e "esuihing Gundis dre jiven v

[t =4 oswe
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These signais can e represented 1s 1 complex signai oy

g

)= Qlev= e

wWdeasily. or derection. the tao channews aili nifer in pnase ftom one anotner v W)
Jdegrees und nave the same ampitiude cvethicient. in jeanty. ‘he phase and ampiltude can
vary greatly depending upon the guality of the compunents used (o build the recerver and
on environmental condiuions. These arrors are attributubie (o RF and (F tilter response
mismatcnrs, RF and IF umedelavs, quadrature time deiavs. mixer pnase ana amplitude
mismatcnes. und lowpass iilter mismatches, o nume a4 lew.T For this investiation the
errors wiil ne modeied as ~hase ind ampiitude errors in the ) crannel reiative w the |
channei. Phase quadrature error is the amount of Jdeviation irom the :deal pnuse separa-
zon of Y0 degrees between the | and Q channels. The amphitude quadarature error s tne
Jifference in gain between the two channels. The quadrature signal equations can now be
modified to reflect these errors and are gi1ven ov

1) = Acoswyt
Q) =(1+e)Asinl wye — D)
whete
€ 's the fractional amplitude error.
® 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 s the negative of w;. The size of
this error response has been quantified by Sinsky and Wang and a techmgue for correcting
these quadrature errors has been proposed by Churchill, Ogar, and Thompson® and also by

Hevdemann.” The power of the false image relative to the peak of the ideal -esponse s
Jiven approximately by

e :

~ image power (amplitude error)
»2

- image power (phase #rror)}

wvhere £ 1s the fractional ampiitude 2rror and ¢ s the phase error. Churchiil. Ogar. and
Thompson e an example of the magnituae ot the effects of these two errors. For 1 zamn
arror of 0.1 dB and a phase error of 1 degree the image power wouid isppear 40 JB below
the response of the true target. In practice "hese wo =rrors lan approach 2 degrees n
ohase and 0.3 dB in ampiitude. Errors of this order can cause 1 measurable degragation in
he performance oI many signal processing aigorithms.

Once a Jetected signal nas “een ;pitt 'nto { ind Q Haseband components t s often
desiranie "o 2erform some vpe M vand-parutioning. [ he discrete Fourier ransiorm s d
<i@assIC ecnngue IOr TeSOIVING 1 osdampled  wavelorm .nto (LS shectral components. A
fand-parutioning diler vnich Hoerales Jn real saiued Wavelorms N anown us ‘he serete
Hartiev iranstorm DHT. Another srthogonatization aigorithm ‘o me investivated 1s 4
~ossibie ‘ransiorm into the “requenc aomain s Che Jadamard cransiorm. The {ladamard
TTANSIOrM .S 0@ cnleresl decause {Lan e amplemented cery Aasiiv. Caen of Che mennoned

[

Torere AP T2 UTRL ANV ETIAT 0ees T NS cTmaT g e M et gy 1 et Lim iy,




echnigues [2r sPeciral decomposition can be stated mathemancalc. The DT s greoen oy
v - lmey
For=NTTE orie T L v =0l A
.=
The inverse DFT is given by
-
I‘ -l
J'\. V-1 ) 2mvr
Lo : v
o flr)= Y Fwe . T =0.1.2, V-1
4".\- p=1)
1‘.‘.
. . . . i
The DHT ‘or reat valued sequences is given by
) N =1
F)=N"1% f(r)easQmvr). v =012. - N-I
=40
The inverse DHT is given s
".\
e
- _rx'. yv-1
> flr)= 3 Fv)casQwvr), 7=012, - - V-1
h f“\ =0
1O\

where cas 8 = cosf + sinf

The Hadamard transform is given by

where N =2* k=1.2.... For example

=1 %
and

[+ + + +

[ ), = II ;1

tros

it :s interesting to note that both the DHT and the l[{adamard transform have the same
weighting terms tor the forward and inverse directions. In practical terms this couid pro-
{ vide a significant savings n hardware since the same "veignls ana even the same algorithm
v <an be used {or =1ther the forward or inverse transtorm.
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3. Effect of Quadrature Errors un Band Partitioning

The rroblem s 1o ind in algorithm which wvil take 3 .omplex arus 2.2 rm g
fAcomMpPONe L N0 IS SPeCIFUM Ind el D€ toierint Mo JuLdralure SrTars. pagr Loorniime
aave peen given ‘vhich can He dsed as mand-partitoning filters. It remains o ne seen.
~hich one of the jour can be used 1n a system that has I Q channel perturbations caused
bv quadrature 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 w~hich
increases as the square of the magnitude of the quadrature errors. This phenomenon will
he investigated analytically for iny insight it might provide into the hehavior of the other
transforms. The filters wiil also be examined by bhuilding computer models »f each
transform and then testing the band-partitioning performance of each alyorithm in the
presence of phase and amplitude quadrature errors.

A DFT is aiways used with some type of window weighting of the mput data. For
the analysis to follow a rectangular window {uniform weighting! s used. Bv using a rec-
tangular window the frequency domain response of the filter will be realized by the
coherent addition of Dirichlet kerneis.” The first input waveform to he examined is a
discrete complex sinusoid given by

2y,

f(n)=e/nd° where 8, = v

n =012, V=1

The discrete Fourier transform of this complex waveform is

_l.V—l /1190 -ind _l.\'—l -inih=h,)
FO)=N-UF e et = y1'E

n =0 1 =1

sin %’-(9 —0,)

N -
-7 —2~l— ‘(9—90)

-—-18
N

The result is a single Dirichlet kernel centered about the frequency 8, (see Fig. 3). This 1s
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

I(t)=Acos(n,)
Q) ={1+€)Asin(n 8, — o)
/ey + QY= dcos(nd,) + j{lteidsiningd, ~b)
‘vhere

€ .s the fractional amplitude error,
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With 2acn error taken adiveduaily and detiing 4 suudi wmily Tneé error sguation Becomes
1* ‘

[

N \ ‘ o .

ok oo = cosindl) FooNinon Y, — s guadriiure Chase 2rror
AN Join)=casinf,) + j{1+€lsinind,)  quadrature ampiitude error
i \"..-

L4

B

SN - - . . . .
K- - The DFT of the phase gquadrature error complex signal is given as fdetaiis in the Appendix)
v-’"‘-

Gy N =1

! I3 — - T . N . - B

F,o0Y =N Y losin®,)) + jsinnd —d)le"
a =t
= _ N1
= - Y cosinByle™° + — 3 isinlnd,—0le """
‘V n =0 ‘V n =0

|
N
1 ,.’;l By }an .2__.9 79.,): ,
+ e - ' U
3N — |
ism ?(6%—9 vy i
l P4
N V .
vt Isin ‘—-:91'-9‘))[\.
_ 1 "—'? 5 (9¢90) 12 }H
N ‘t
||
!

The discrete Fourier transform has revealed an input signai composed of four fre-
quency components, two each at #8,. The two kernels attributable to the imaginary com-
ponent of the input signal have a scaiing factor which subjects the Xerneis t~ a umiform
twist. This result was obtained by using the shift theorem which states that a posiuve
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. ®=9. then the
spectrum reduces to that derived tor the no error case. In fact. the response for the no
2rror case is composed of these four xernels which ccherently combine :nto a vingle
response at 84 wnen $=0.

® The =ffective spectrum of the phase uuadrature 2rror signal 15 the coherent addition
o of the four Dirichiet kernels. [t can he seen that as @ increases the [requency response ol
-:::- the pand-partitioning flter will dilfer markedly :rom the ideai response. The primarv
::--: response centered about 3, is generated Hy the addition o two xerneis, ~hereas the .mage
- response centered about —4, is generated by the subtracuion of two kerneis. One ot =ach
:ff.' 51 -be Xernels at =8, wiil 7e twisted ov “he 2fect >f the "ime .mft. As "he wisung
.' .ncreases “he xerneis at —9,, ‘~1il no onger »e matched and “he ueep nuil at this irequency

: . . N > .
, ~1il segin to Gl ' creating an 'mage response >f the raer - At the {requency =4 . lhe

»fects 5f “he ime smifune vl ippear 18 4 Lsortion )t the main one "a2sponse e ip
. . : g
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Similar steps are taken to determine the DFT or this signal as '~ere dene for the phase

>
error signal details in the Appendix)
, Not
F.i9)=N"" Z fcostn 9, + 1+ simng g)e R
2 =)
1 vzt \ 1 vzt
= _ Y cosindge "7 + 2 s iressimng e 77
N = N7z,
P ‘ | P b
vt isinlY (9-a.) LN, ]
1 ‘J!hv:.l KR ;Sln ‘7(6 9’)) ( { 1 -1\~v—,—_1 ‘«9 LRV qb‘n !—2-(9 ' ‘))! ‘
= e T ) : | i 4+ 2 T I A -t
IV T T3y A N
lsm (—(9 ~8 )1 sin (—;(9 gl
L2 | R |
4 ‘ {
! 1 [ .
| .V o | WV o
Lo —v};":'_l?\“)——) , !5"‘ 508,01 VI gg ey, SIS0
(1+e), |72 o 1< ii-.\h'&),'! LA " |- '
PRV I T TN TSRS
sm!-z—w—eo)] 1 ism {Tle +0 ., )1 }
{ i “ !

Again the four Dirichlet kernels are seen, however this response differs from that of
the phase arror signal in two ways. First, the twisting factor due to the time shift is no
longer present and second. two of the Kernels have scaling factors other than unity. As
before. if the error perturbation is not present then the response of the zomplex signal
coherently combines into a single kernei response. The net effect of the umplitude error is
the same s for the phase srror. A false target will appear at the mage {requency of the

. L €T . <
true target with a magnitude given approx:mately hy T {see Fig. 13).

[t nas been shown that a complex DFT will resoive a quadrature error signai into 1ts
spectral components. However. in addition 0 “he desired main response there wiil he an
image f{requency response proportionai Lo ‘he 4mount )i yuadrature ¢rror present :n the
channeis. The :mage freguency response 's catsed »v 2ne of wo things: a twisung of the
spectral components Jue 0 the uime shift caused ov ihe phase 2rror or an ampiitude scal-
ing of the Xernels caused by the ampiitude 2rror. In 4 compiex DFT ‘he conerent addition
of the kerneis "akes piace within “he transinrm. To avord the commining ot the guadrature
arrof cerms cathn qosingle transtorm g rear DFT is 1sed on 2acn of ine |oand Q onannels

of the recewver. The nisaavantage of this .oproacs .o hal tue . 2200 srgnei wnen led
‘o wo real DFT s will transtorm nto “our osutpul streams: an ¢ _hannel. eai and ma-
inarv component 1nd 1 ') channel. feai ind magmary component see ity 1 The advan-

‘age of Tms iporoacn s hat the juadrarure error ompiex aynny Vil e redoived  nto
ncomnined -peciral terms. [ Nal o8, Lhe suadrature srrors Vil e solated vithin cnen o
“ne wo [ and () channeis,
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Far examrpie. o there are sudadrature »roars 0o orat avnal then the serturmaroons
Vil My wross Tne D ond G cnmanners 0 oad e candas 0o S coan DT e e e
and 47 hands. The sesponse of the seconda n of an S poent DET s deniied rem he

NOUL SATMDeS A OV
Flege =i+ ds~CudorQy~{-—y
Flm=Qi=1=Qs+1a+Qs5—1s~Q- 11y

As can be seen. the cutput of the hand will be made up of combinations > | indg QQ sam-
pled data points. If 1 gJuadrature amplitude 2rror @ § now ntroduced :nto the ) shannel
the response J[ the imaginary component of the second "in will be :

Flimn=aQ,—/[;—a@ i+ /[, +aQ:—={,—aQ-+ /4

The error has been dispersed unevenlv among the terms and therefore cunnot be ecasilv
removed {rom the response. A possible method for combating this probiem 5 to use a reai
DFT on each of the I and Q channels of the receiver. The real DFT »f the | ynd Q channel
data is given as follows :

FMae=1,=Iy+ls—1-: £20y,= —La+ls—1,+1s
FlRre=Q:—0Qu+06~Qy: F20,, =0, -03+05—-(-

The presence of the quadrature amplitude error in the Q channel will cause ine (§ real and
imaginary components 10 be scaled as shown :

Fi0p =al:=0s+0. -0y -
F2Q1m=ap1_Q3+Q3_Q~l

By transforming each | and Q channel individually as real data 1t is possible to isolate the
quadrature error. After this step. an appropriate signal processing scheme can be used to
compensate for these errors. A more general discussion of the DFT of real data follows.

The real DFT of the discrete compiex wavefurm is accomplished o\ ‘ranstorming
each channel individuallv. The real part of the discrete compiex input wavetorm s

!y =cos(nd . =012, N =1

The real DFT >t this signal s
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The ~~ _trum consists of two Kernels centered about ) .. These are the .ame fernels uas
=0 obtamned aith the compiex DFT. The difference :s that the kernels are presented as
tne real and :mayinary parts of the transform of the [ cnunnel of the recerer.

The portion of the phase quadrature error saveform in the Q channel 5t the recerver
'was given by

folni= jsainlnd, + ol
The real DFT Of thus signai is
V-1
F,0)= N7} Z Fsintn B ,+¢ e "7
=1}
NPUS I SR S 1 g - |
= jg.70| e 0, - o RS
! 12N 1 =0 j_,\/ 72_:‘0 '
~ N i 1 V-1 "1"-“*701 1 V-1 T .
= Py e N e "
(| <t 1= i T =U ;
{ { # [ . .
i Y ’ Y b
i e ‘smi_s_(e—‘) )!’ _ o lsnl g
K J 1 T - : | & | 1 Ty )2 i
=¢ 0‘___-6 | L ‘_ _e . ‘—?_w* i
| 2.V ! 1, 2N ! 1 N
1 tsin|=(6~8,) sin 1_ 0+0.,,1 |
| l i2 1 ‘ 2 ] i
' ‘ |

Again the Uwv0 Kernels are the same as those obtained by using the compiex DrT. By using
he real DFT and hand-partitioning 2ach I and Q channe! separatelyv the resulting Kernels
ire not coherentlv combined nto 4 singie complex response. Instead the :solation hetween
‘he '~0 'nput :nannels :s maintained ind therefore the guadrature =rrers are a0t mixed
across real 1nd 'maginary mands. A simuidar derivation can he done or the implitude qua-
drature 2rror signal vith comoparabie results.

The Hartter anpa Hagamara cransiorms wviil Aot e exanuned na v, nstend
“heir Treguency cesponse aviil e »xamined ind comopared »ih Chat o ntamed tor Che DEFT
IVOASIOY 1 Ligtal omputer 0 mplement cach mand -cartinionmyg rer Dhe scenaro or

“hisonvesTigaton s sacwn o hcure -2 Tae continucus wvaselarm A geaal sonree s
LSO mese2ied noTne IOMPuler nd 100% s T0e Jeneralon b Ny L MTieX T oCeds Lanued -

fd, VLD LAranie amoitude ind onase . JJd(ll"l‘ T 27rors.




4. Cosnputer Resuits

The resuits chtained anaivocatly tor the svectral Sevomposiiion Lo cnaadratire ereor

<romaloean e cwrifiea 2rarhically v Lsing e omiputer Uhe cang Siartihoeniny
2xamined 1n -he ‘ollowing order the compiex JDFT. “he reatr DFT. the DHT. na he
tladamard :ransiorm. The DHT ana iludamard transicrm dre nemny .nuestigaled ecd.ase
theyv are both real one port operations which can be huiit to run faster than the P15 IF
thev have satistactory hand-partitioning characleristics thev an be used :nsizad of “he
real DFT Jlor decomposing a compiex signal into spectral components.

SRS e

The DFT of a compiex valued cosinusoidal signal should procuce a singie Dirwchiet
xernel response a4t the Irequency of the input waveform. in figure 3. the response ol “he
secand oin ik =25 of an ¥ point DFT is snown. This piot s sbtaned 5y oinwecting 4 .om-

t *
N - .- - - EEEE TN N .
ciex cosine wavelorm t swept in frequency from — 2 (o —— nto the ¥ noint :empiex
~— . . ,/ y
DFT. For the values selected. mn 2 stouid have ils peak response at - and tnat .s ahat
s seen n the figure. The shape of the Kernel is determined »v the 'werght applied w0 the
sampied data. For ihis investigation a rectangular weight s used and this iy confirmed nv
-he -13 4B sideiobes. The overlay of all of the 8 bands 's shown :n Figure t4). This plot
shows that a complex DFT will decompose an input waveform :nto S fiiter hanks euach
; Is -
centered about the frequency ic~v— ‘¥here [, is the sample frequency and ¥V s the number

. . N N o
of roints n the DFT. The index & runs from — = 10 -~ This is the hand-part:tioming

ilter response for complex valued waveforms.

A phase guadrature error of 10 degrees 15 now introducead into the compiex mprut sig-
nal. The frequency response of all eight bins s shown in Figures (5-12). The ‘requency
-esponse of the second bin of the complex DFT is shown in Figure (7). The {aise target
response s cleariy visible at the image frequency. A comparison with Figure 3! shows
that the response at the image frequency shouid be a deep null and not a -20 (B response.
The reason for the change in the response of the complex DFT is that the coherent aaait:on
of the four Dirichlet kerneis no longer results in a single xernel. The quadrature error of
10 degrees has caused the speciral components of the Kernei 1o be twisted umifurmiy aith
‘requency. This twisting of the frequency response :s due to the uime delay caused bv the
phase 2rror. Recall that at +8 , the two kernels add together and at —4 ., the kernels sub-
:ract. The result of this twisung of the kerneis is most noticeable at the image {requency.
“Vhile there mayv not be 1 noticeabie change :n the shape of the response it the primary
‘requency il 1§ Hceurring.

The amplitude guadrature =rror wiil produce a <imriar change n “he comptex DFT S
Irequency response. i he ‘requency response of 4il the Hins s shown in Figures «13-200
For these niots "he amplitude of the Q channei s “wice that of the ! channer. Uhe DFT of
the 1mupiitude quadrature 2rror signal resuits :n Tour Dirichtet Xerneis centered avout =9,
vilere w0 91 “he lerneis have scaling ‘actors proportional o the imoiitude =rror. {he
cesponse of the econd min ot the DFT s shown 'n Figure 135 Again “he “uise “urget
TeSPONSe .S seen 10 De  present cenlered iboul (he smave reguency.  The Cesult ol

-onerently 1dding “he jour mismatched Xerneis is seen ‘o :tfect tne sverall mespense o ne
diter sank. The :aange m -he snave 0 “he namiobe :na -ideiones o1 “he argst < suite

Lisinle.
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The results obtamed Awh tne computer syree Avath those obhLuned analvisoaily The
NELIEMULicds TeNUGLs Ce edied The merntamics ol andal wocurns situn s oo ompiey JFT e
lompuier nlots provade visual evidence o the aet resuit df conerently cominining tne iour
Dirwcaiel Serneis. The Trecuency cesponse o ocne e OFT O resall that coas s one OFT o
T2da Jdatdr Vil e eNLmined next.

The real DFT s applied to the I channel of the receiver und the output of »in 2 s
snown in Figure 121}, This display Jiffers from that seen ror the compiex DFT. The real
DFT produces two rerneis centered about =9, instead of the four <een with the complex
DFT. The net response of the complex DFT was a single kKernet centered about 8, hecause
>f the wayv n wvhich the four Xernels coherentiv combined within tne t-anstorm. (n the
real DFT there are no orposing xernels centered about —8 ., there :s onlv one xernel as can
=e seen in Figure (21). The overall frequency response 31 the fiter hank s the result ol
:he conerent addition of these two Rerneis. The overiav of all the ‘filter hank responses s
shown in Figure \22). [t :an he seen that the overall response maintains the svmmetry
seen 10 be present in the complex DFT.

The transform of the Q channei of the recever will produce plots simiiar to those
already seen for the I channei. The efect of the phase quadrature error wiil e to rotate
the real and imaginary vectors about their axis.!® The magnitude response will appear to
e the same at each phase error step. The ampiitude guadrature =rror will scale the
response of the niter by an amount proportional to the error.

The disadvantage of using the real DFT for spectral decomposition 15 that it creates a
iwo-in four-out tvpe of network 'see Fig 1). However. 't has been shown that this
approach will decompose 2 quadrature error compiex valued signal into its periodic spec-
trum. If it is preferable to maintain the two-in two-out configuration then the discrete
Hartlev transform and Hadamard transform will saustv this requirement. It remains 10
he seen if these two algorithms are able to hand-partition a time domain signal as weil as
the real DFT.

The DHT has veen suggested as an alternative o 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 for the Iladamard
iransform. The response of the second hin of the discrete Hartley ‘ransform for the cosine
input waveform is shown :n Figure (23). For the real DFT of the same mnput waveform

rhe mainlobe was centered about T For the DHT, the mainiobe s not centered about
—4_ and :s 1ot symmetricai. The same 'vpe of hehavior s exiubited Hv the dther banas 1s
well. The overiay »f ail these diters s shown in Fiyure *24). The DHT mav he useful 1s
a mathematical aiternative o the reai DFT but it uoes not nave much mert is 1 mand-
partitioning ilter.

The ‘ast fditer o e 2xamined is the Hadamard :iranstorm. This :igorithm s .erv
2asily :mplemented Jue .o ‘he simplicity » the weighting terms. As wvith e DHT the
same weights are 1sed (or "he forwara iand inverse ‘ranstorms. The lad: mara vewnts dare
sitner -1 or -1, The DHT 1ind :he Hadamard ‘ranstform aave mijur ~eravior. o fact,
“ = 4 -hen ‘he iwo ‘ranstorms are ‘denticai.

The liler nAnK NN 1as 3een Tne Cocus ol DN SICUSSION tappens To e ne o he
sanks whmicn tne OHT ang Hadamara cransiorm aave nooommoen. Ui can e seen v

amparing Cne tesponse Y Che econd nn o che Cladamard ctansiorm shosvnono Stoure
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U 5. Conclusions
I.~.
-~
RN . . . . -~ .
o This investigation was undertaken to examune the behavior of four band-rarttioning
> o .
o ilters. The complex DFT and real DFT were analyzed mathematically in yrder 1o obtain a
l better understanding of the mechanics of each algorithm. In the complex DFT the specirai
- components of the signal are coherently combined internal to the transform. This process
o can be avoided by using using two real DFT's to filter the same input signal and thus keep

¢
e
3

[ e I

the [ and Q channel data separated. The Hartley and Hadamard transforms were investi-
gated by developing computer models of each algorithm and then testing each filter.

I
el
.

¢ ’
RNl Y

The complex DFT has been widely used as a band-partitioning filter in many digital
signal processing svstems. As others have shown. there are problems with using this filter
in receiver systems with quadrature errors. The most significant effect of [-'Q channel gyua-
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 was
verified both mathematically and graphically. It is because of this perturbation of ihe sig-

i) ! A

° 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 f{requencv. 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 Hartley transform s gziven by

Ny |

Y cas 8 =cosB +sinf. For the Hadamard transform the basis set is quite simple. the values

- 1. Even though each of these transforms can be efficiently implemented and do provide

:.- the desired quadrature separation they do not make gnod 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 hand-
. partitioning filter is obtained. The difference is that by using quadrature separation. chan-
AR nel mismatches can be 1solated to a particular spectral component. Bv doing this. succeed-

° ing digital signal processing techniques can be used to compensale for these channel
i mismatch errnrs and thereby achieve a desired level of system performance.
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Appendix

The DFT ot 1 signal with a phase quadrature error is derived as follows

V=t
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Shift Theorem : f (1—=T) <--—-> ¢ YT R

iog By using the shift theorem the following can be shown :
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The DFT »f 4 signal vith an amplitude guadrature 2rror o~ cerived Jas @
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