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COMPLEX DIGITAL SAMPLING CONVERTER 
!"Oil DEMODULATOR 

The present invention relates. to apparatus 
for recoveriDCJ the modulatin9 signal from a modulated RI" 

carrier signal and, more particularly, to a complex di9ital 

·· samplin9 · converter for convertin9 an intermediate-frequency 
5 (II") signal.;to baseband for aubseqUent demodulation, and 

substantially reducin9 effects of input sicanal DC· bias 
and/or sampling tim• misalignment. 

It is well Jcnown to utilize a superheterodyne form 
ot receiver;, in which th• received carrier signal is fre-

10· quenc:y converted to an intermediate.frequency (II') at which 
' 

filtering and modulation detection are accomplished. It is 

h19hly desirable to provid~ the II' receiver portion in 
monolithic ·1nte9rated circuit form. 

15 One inteCJratable demodulator is the baseband,·or 
zero II", l"M demodulator described and claimed in U.S. Patent 

4,755,761, issued July 5, 1988, assigned to the present 

applicants, the description in which is incorporated herein 

by reference. A zero-IF baseband demodulator 10, as 
20· shown in l'i9Ur• 1, receives the down-converted II' signal at 

an input lOa for application•to first iriputs 11-la and 11•2a 
of first and second Ill' mixer means 11~1 and 11•2. A local­
ly•99nerated r.o sicanal at the carrier frequency is p~vided 
at anoth~r input lOb1 .the local oscillator LO signal is 

25 applied di~ectly to a second input, e.9. input ll-2b of one 
of the. mixer means 11, 8nd i• j>hase-shifted by 90•, in a 
quadrature shift means 12, to provide a quadratur• r.o signal 
ata second.input, a.9.·input ll•lb, of th• other mixer 
means. The: baseband signals at mixer outputs ll•lc: and 
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< J 11.;.2c:' are respecti veiy an in-phase aiqnal and a quadra- ~~ ture-phase signal. liter suitable lowpasa filterinq in i;,ne of lowpasa filter I.Pi" means 14-1 or 14-2, a baseband in­phase f ·signal is provided at an inte~ediate node lOc-1 ·s while a b~seband. ezuadratur•-pha19e O.signal·:l.s provided at another intermediate nodtt 10c:-2. We denote the>portion of deillodUl~t~r iO prior to node• 19c.aa. a: converter, and denote the.portion afte~ ncxSea lOc as a. discriliainator.·: In the . . '· ·. . . . · ... discriminator, each of the ai.gnals i• dttlay!ltC;l by· a time 10 interval 4t in one of aaao~iatecl delay .·means. 15-1 or 15-2, .· to prov:l.c:le · .. r~specti ve d•l•yed in;..phaae signal ·I• ·or quadra-ture~Pha•• delayeci signal Q' •. A fi;st multi:Pl:i•r 16'-l ~· . recei~ea .the, delayed I'. ai-1 a1; a ~irst.,~~pµ~·.16•la and the W'ldeiayed. Q signal at a . sec:onci in~t .• J.6 ... iJ;>, .· to provide 15 at an outp.lt 16~ic signal which is ~· QI' . product', ancl is applied to a first input 18a .of a summation means 18. A ·second multiplier means 16-2 ·receives the .delayed g• signal at .its fi.X:•t input ].6•2a and th.a undel.~yed I signal · at its . . '· . second input 16•2b for·pr<>Vidinq at.its output 16~2c a 20 product IQ' 11i911al, tor.application to a sUbtractive second . . . . : ··.: 

input;lSb of the summat,ton •ean.a. ~· ~iffere~ce signal at output 18b, provided at det~c:toz: ou'tp\.ltlO~, is .the modu-·. la ti on .data' which ha11. been recovered .,from . the .. fJ;"equency-.. . . . ·.· .. 
modulated I' input signal. a.y alterat~on ()f the circuitry 25 after nodea 10~, pha.-e•shift keyed (PSJCl·an~continuous- ~ phase/fre~ttncy-shift•keyed (CP!'~JC) moclulati~ri can be recovered •. ·. 

It will be seen that demodulator lOutilizea a number of analoq blockai it is highly d~19irable to utilize 30 digital signal proees~in9 to reduce.the •ize, PoW•r ancl unit coat and increaii~. the reliability .o~\ ••c:b. ot th~•• bloC:ka, as well~. to facilitate.fabrication ot-•. completely cll9ital demOdulator aa part of a ainqle inte9rated circuit chip. 
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~· One promiainq diqital demodulator ia that of w. Rafferty et 
al., as described and claimed in U.S. Patent 4,647,864, . . . 

· .. ;. - . ~-

issued March 3, 1987, assigned to the present applicants, 
the description in which is incorporated herein by 

5 · ·· reference. Thia non-coherent diqi tal demodulator of analoq 
!'M signals utilized an analo9-to-di9ital converter for 
convertinq the analoq l"M signal at the Ii' frequency to a 
sampled stream of cliqital data worda, which are applied to a 

· ·di qi tal mixer for sortinq into separate l and Q data streams 
10 which comprise the baseband representation of the modulated 

waveform. The use of a converter outputtinq two baseband 
~ data streama is neceasary in order to retain both the phase 

and frequency information contained in the 11' signal. A 
subsequent cliqital non-coherent detector is used to extract 

15 a sine ~unction whose argument ia proportional to the · 
modulatinq siqnal. Thia function pr~videa a demodulator 

· diqi tal data output, which can, if required, be converted 
.. ' back to an analoq signal to provi4• a demodulator analoq 

output. While substantially of diqital nature, the entire 
· 20 converter-discriminator apparatus waa found to produce a 

pair of undesired output side lobes whenever the samplinq 
frequency was not exactly equal to four timea the carrier 
frequency, and was also found to contain a aecond pair of 
undesired sidelobes, if the alorementioned frec;iuen~y offset 

25 was present·. and there also waa any DC content in the Ii' 
input signal. These two problems are as~ociated with.the 
converter portion of the apparatus. It is therefore hiqhly 

·. desirable to provide a complex di qi tal sampliDCJ converter. in 
which DC bias and/or off aet frequency errors do not aubstan• 

30 . · tially affect the modulation recovered by a subsequent 
d19ital discriminator pOrtion of a E'M demodulator • 

• 
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:In ':one·. a$pect of the. invention, a' c~lex 
.di9ital ·aaapltn9 con~rter for an II" demcxsula~r i~C:ludes: 
an ~alog•to.•diqital converter (ADc) Ileana r4ac:;e1vtng the II" '. . . . . ·... .. ·. .. . .. 

5 analOCJ slgnal for·conversion to a diCJ11=~1 d~ta stream by 
·samplillCJ ·.at a 8a.Dp.lin9_.rate frequ.~y sUbstan1:1aJ,ly· equal to 
four t1m•• th~ Ii" a19Jia1 frequency; diCJ.itaf mixer ni•an• for: .. . .' . . .. ' . ·•· . . .. ·. 

convertinCJ :the sampled data to baaebancl; _means for.sorting 
the interleaved 8e~ent:la1 .· in~ph~se I ~ata ·,;,~rd• and· 

10 · . ·quadfature·phA•e Q data words ··· 1~~ . a pair "~- cq~c:u;rent I 
and g·ctata.wrd a:trew~ and at le.~1: on.• of •• ~.· for 
removin9 the· effect• of J)C offaet in ,·the ~1~ IF SiCJDal 
applied to theADC anc:lmeana for correct1D.vmi•alignment . . ·:· .. · .. · . .· ... 

errors in the colic:Urrent I and Q atreama. ··.·· .. . 
15 Iil the . present ~referred. ~lllent,._. ~th cor:~ec• 

.. tion Jlieana_ ar~ Utiliz~~ .· Th41t _ J)C O~f~et , ~emQVal: me~S Uses 
·averaq1ng ·of·· tbe baseband aainplea,. w~le. th• .mi•aJ.i.gnment 
correction Ileana averaqea each pair of quadrat,...r~~phased g 
data words: ~hile .. compensating tli~ i~·phaa.e I data stream~ . 

20 for the~ eXtra delay in the averai9ed g data. ' ' 
.. · -~ means of the i~ventiQn th~re can ac~ordingly 

be provided. a novel_cc)mple~ digita1·sanapled cpnve:c'ter, for . . . . .. . ... ... . .·. . ... · ·: - ·.. : ·. ... . . ·:.. . . ... . ·. 
use with a digital_d~ulator, whic~.remov•s 

~-

s~stantially all e_ffects of ana1C>g .si~l input DC ~ 
25 ·.. bt~sing ; and/or sampling. freqµenc:y error upon the recovered 

data. 
; · .... 

The obj~tives and l>enefits of thepresent . . .. ~·· . . .. . 

invention will~ appareJJ,t upon.reading·thefo].lowing =·. . · .. : . . . ·.·· ·, . :·. .. . . . . . . . 

detailed description .. · ·when·. considered· 'in . . . -.. "·· ."· .. · . . . 

conj\Ulction with the .associated drawings, in which-: 
30 

Figure 1 is a schematic block diagram of a prior 
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~ art zero~Ir baseband demodulator; 
l'ivure 2 i• a •chematic block diaqram of a 

complex diqital aamplinq converter, in accordance with the 
principles of the present invention, for producinq baseband 

S I and Q sic;nals substantially free of ~ input bias and/or 
aamplinq frequency error effects; 

l'iCJUre 2a is a vraph ill~stratinqan input analog 
aiqnal wave and the nature of the complex digital samplinq 
process, and useful in appreciatinq the.problems alleviated 

10 by the present invention; 
l'ivure 2b i• a schematic block diaqr&lll of a 

~ cliqi tal mixer utilized in the present invention; 
l'ivure 2c 1• a schematic block diaqram of one type 

of diqital siqnal averaqer for use in the. present invention1 

15 and 

20 

25 

·ri~re 3 is a schematic block diaqram of one 
presently preferred embodiment of a complex c11gital sampling 
converter of the present invention, for use in a diqit~l FM 

demodulator. 

~_-- •. ~·.!-:t .• · r ;:·r.-__::- :_-;: ··. . _ .. .;-:.__:. . .. · ... ::'. •.. . .- <F.> •• •• : • r. 

The presently preferred embodiment of our con­
verter is illustrated in an !'M demodulator. ReferrinCJ 
initially to l'iCJUreS 1 and 2, lt will be seen that the . . 

demodulator diqital frequency discriminato~ portion, which 
comprise• digital delay means 15, digital multiplier means .. 
16 and diqital adder means 18, operates upon the in-phase I 
data aiqna~ and the quadra~re-phase Q data siqnal, respec­
tively, at nodes 10c•1 and 10c•2; the tully•d191tal dis-

. criminator ·implementation in the Rafferty et al. patent can 

30 be,_ and preferably is, utilized for thia portion of the 

diqital !'M demodulator. The present invention is a complex 
diqital samplinCJ converter means 20 (l'igura 2) which 

-s-
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provides a bias-free and/or offset-free .stream of I auc~· 
data words at a pair :of output te~inale 20c, equivalen:~- .. :to­
the nodes lOc .·at ·the input of th• discr:iminato~ portion. 
Converter 20 recei~es . the .· ( fre~~ncy~modulated) analo9 IF 

S signal·· at 21.n inP\it '.2oa; the-. I~ ~i~l :baa. a center, or 
carrier~ ·. frequency ~c~ -i~l~u1t~~t~~ely 4Mb. A .. ~ling cloc~ 
CLIC signal is received-at an_inpUt 20b, with a sample 
freq\leney I"~· lde·&~~y· equal to fou~ .· i;ime~ t:ll• .. I-f c_arrier f re­

'qt1ency (i.e_. F.9=41'~), f'or J)rOdu~iD9 th~. I ~cl,Q: data streams 
·10 at outputs 20c-1 and 20c-2;' respectively, f~r introduction 

into the di9i·tal. discriminator. pp~ion o'.f the demodulator. 

'?he bandpass ·a.alo~ ,.IF. 1~t ai~a.l .1• app11e4 ~,o the analoq ~ . 
input 2·2a of a single Ace mean• 22, whic;h receives the clock 
sional• at, .• s'ampiln9.:.a~~be.1n~t 22b, to provi~. four. 

l.S sub8tantial'iy~eqiially.;spaced samples, each a digital data 

' 
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been removed. Thia data stream. is provided to the input 30a 
of a I/Q sorter means 30, having second input 30b receiving 
a substantially square-wave signal at one-half ·the clock CI.IC 

frequency, as provided by a divide-by-two means 32. Sorter 
means 30 sorts the time-sequential, interleaved I and Q data 

. · words so that a pair of sorted in-phase Is and sorted 
':.quadrature-phase Qs data words simultaneously appear at 

sorter outputs 30c and 30d. The sampled data words arrive 
· at inj)ut 30a in a single stream at the. sample rate 

10 · (Fs•16MEls, here) and leave in a pair of stre~s each at half 
.,'the •input sample rate (e.g. th• Is and gs words stream out 

at r a12=&MBz. ) • 
In accordance with another aspect of the present 

invention, a quadrature compensation means 34 receives the 
15 ·sorted Is and 2s data words and substantially removes the 

pair of modulated output side lobes which will normally 
occur if the sampling, or clock CIJC, frequency rs; is not 
exactly equal to four times the carrier frequency re of th~ 
Ir signal input to the demodulator. Quadrature correction 

20 means 34 includes a compensate delay means 34-1, receiving 
the I9 signal at a first input 34a for producing a delay­
corrected in-phase I signal at a first output 34c, coupled 
to the complex digital sampler output node 20c-1, and also 
includes a misalignment correction means 34-2, receiving the 

25 ·2s signal at a second· input 34b and providing the 
qu~drature-corrected, quadrature-phase 2 data stream a't an 
output 34d, for coupling to the complex digital sampler 
second output node 20c-2. 

It will be seen that only a single ADC means 22 is 
30 utilized. Unlike the mostly-analog converter in the prior 

art demodulator shown.in rigure 1, in this converter analog 
mixers and a quadrature phase splitter are no longer needed. 
As the digital mixing process does not produce higher 

-1-
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frequency terms, ~ere is ~o :Lon~r any need for_lowpas~­
.filters. Most .. impQrt.antly, 'the:re ie no requirement foi- two 
totally 11epar~te :~•.nn•la, each containinq a mixer, a filter 

· .. and a :ADC means ·. ;o ~at th~ need. fo~ obtai~nCJ closely• . . . . . ··- : .· ·.· .:· .. ",' ·. · .. ·- ·. .. ··: · ... ·. . ...... . 

S matched phase and ~J.itu~_responae is removed. 
. · riCNre.2~_-il.tustr~tes. the co~l~x digital sampling 

proces11,·.· 11fhe;r:ein an •. anaaloq asi~al 1iaveform.36,. oqcupying a 
time interval ~i;rc' i. samp~e~ £011r _·time~ .d\l~inq each 
cycle ~ereo.f. ·. 'lhe .. .first s~l• .. s1 PJ'."oduces:· a ·sampled 

10 .•ic;nal 38ao.f a ~irstamplitude, ~hiqh is co~verted .~o a 
dat~ word to•]:)e aaaigned to the in:O.phase.I.~at-.:stream. The 
next samJ;le s2 o~cUrs at a time T/4 ~f~~r 'ample s1 • and · _ 

·. produces a . 4ata . sample .. 38b asai911ed to the qiladrature-phase ~ 
Q da1:a stream~ . 'lhereafter;, after another tim~: .interval T/4, 

.. 15 a .. thir4 s.-ple ~3 i• talcen1 th+• is another I.· sample •. ·. 
B~ca1:1•• thesampledata 3ac of sa,ple s3 ia.n.o~.at a time 
inte~~l. _'r/2 af"t:e.r .. the initi~i ·.I._ sampl~. s1 • it ._Qccurs during 
th• _0~11it~-p0larity hal~;cycl~ from the s1 sample and must 
involve an inversion e>( the I data1 i.e. ia an inverted I, 

20 .or i. s~J.e •. S~milarly, the .fo~rth sampl• _s4 is a n~xt g 
•UlJ)~e, pr,ovided at a time inte"al 'r/2 after the initial 2 
sampl•• ao t;hat.the .four.th sample data 38d is an inverted Q, 
or Q, sample •. Thereat.fter;, ~· 4 .. sample._per•C)'Cle process 

25 
repeats. wi.th a. I _data stre~ sample. s5 •. a Q da1:a stream 
!ample :s6 •. and so fe>rth. .It will be aeen that the th~rd and ~ 
fe>urth .· •ample• in .. eac)l ~y~le are. pre>perly assigned to ·the .. ·- .· . . . ,· .·. . .. ·. 

respective I and Q dat~ steams, t)ut require multiplication · ... ·. . ,. . . ,. .· ·.. . . . 

by a factor _of -1, which i.a effectiv•ly implemented as a 
. Simple· inversion Of the tW0 1 9-COlllJ)l~ent representation Of 

30 the. s-.,J.e. data~. _,~ere.fore, tl1• complex diqit•J..~ •am1»lin9 . . ... . . .. .. 

__ :pro~esa can be acco•pli~ecl. iq. thr••· s.-r•1:• steps: (a) 
sampling .. of •the 1n~u1: wa.veform a.1:. •. sampling fr~ency 
!'9 w~ch is fOUJ:' t~•••· its center, or carrier, frequency re; 

-a-
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(b) inversion of alternate pairs of the sampled signals1 and 
(c) proper splitting of the stream of data samples into 
in-phase I and quadrature-phase 2 components. These three 
process steps are carried out respectively in ADC means 22, 

5 diqital mixer means 24 and I/2 sorter meana 30. 

10 

'15 

Referring now to Figure 2b, the diqital mixer 
means 24 must convert the sampl,e data stream down to base­
band. This conversion is accomplished by a two's-complement 
inversion of every other pair of data words in the sample 
stream. The two's-complement inversion uses (a) inversion 
of each data bit of the input data (a one's-complement 
inversion), and (b) the addition of a value 1 to the result 
of (a). Here we use exclusive-OR qating, ideally with a 
center-frequency l'c signal, which inherently inverts every 
other pair of sample data words, for the one's-complement 
inversion part (a). Having to produce an approximation of 
the center frequency, the local signal is pr~ided by 

, dividing the sampling clock CLIC signal by a factor of 4 (in 
means 26). The sinqle data stream is therefore introduced 

20 at mixer means-input 24a, and each of then parallel data 
bits is; provided to a first.input 40a of an associated 
exclusive-OR qate 40, which also receives the center fre­
quency square-wave signal at its remaining input 40b. The 
exclusive-OR gates do not aff~ct the input data when the 

25 input·40b is at a low logic· level, but perform a one's­
complement inversion when th• input 40b is at a hiqh logic 
level. In order to correctly.complete the inversion of the 
two's-complement data appearing.at input 24a (from ADC means 
22), the quantity one must be adcled to the n=8 bit result of 

30 the·one's-complement inversion; The one'a-complement•inver­
aion data at.gate output 40c is temporarily latched, in 
latch means 42, respon_sive to a selected edge of the samp• 
ling clock ~ signal on bus 21; the latched data ia 

-9-
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provided to a fi:rst A data input of the. associated one ·.~!! 
stages of an adder means 44. Each· adder means 44 sta'Je · 
receive a low locj:Lc level a_t a secoDd· B data input.· The. 
Ieast-si911ificant•bitstage receives· at its carry•in C:::

1 5 input a gating'. signal fronf means· .input: 24b, vi a a type-D 
flip-flop latch means 46, which is 're8ponsive to the samp­
lin9 clock CLJC .. signal on bUit 21 •. It will be :seen tha:t;, 
because when the XORgateinput 40b is at·a logic low level, 
the gates simply p·ass the data at input·· 40a in unchanged 

10 manner1·· the presence of ··a low logic ··level ·at ·the same time 
at the aclc3r means'M.carry•in c1 1nput<w111·1eave the data 

15 

unc:han9ed, ·. so ·that a proper 'tWo' .-complement inversion of ~. 
alternate pairs of.data samples 1.a carried out, as required 
for the digital mixing step (b). · 

Proper CC offset removal,.· in means '28, . and quadra• 
ture misalignment . correction, in means 34, . aa Wi'll be 
discuasedhereinbelow, requir~ tbat•theaveraqe of two 
successivedata.aampl.ea be pravided.~ Referring now to 
!'igure2c, an averager means SO receives a stream.of data 

20 wordaG at an inpUt port 50a anddelays each sequential data 
word in a-delay means 52, for.a time interval AT. Each word 
of a delayed data· word G' stream is applied to afirst 
additive iliput.54a of a digital adder meansS4. · The unde-
layeddata·stream Gwoi-cfs aj)pear at· a second input 54b of 

· 25 the adder means. · The adder means .W. output 54c provides a 
data wo~ whiCh is then ec;Ual to G(t)+G'(t); if 
G'(t)=G(t+T/2), then the sU. is G(t)+G(t+'?/2). The output 
of·the adder iDeans_.is operated uponby·a aniltiply•by•one• 

. half means· 56, so that the 0utput·'data at terminal 50b is 
30 (G(:t)+G(t+T/2))/2=Gavg' ·or ·the ·average .·of' the pair of 

Sequential data aamj>lea. MUltiplication by a factor of 
one•half, .1n mean• 56, ia more ·eaaily accOlnp·liahed as a 

-10-

• 



• • 

. _, .. : 

. ( 

RD•lS,590 

digital division-by-2, which merely requires a one-bit 

digital rightward shift of all bits in the sum-data word. 

Sorter means 30 separates the sampled data word 

stream into I and Q channels by off setting one of the 

channels by a delay of T/4. '.rhus, a Q sample obtained at a 
. . 

time (t'+T/4) is treated as though it were obtained at the 

same time as an associated I sample obtained at time (t'), 

although it is clear that data sample I(t') is not actually 

··obtained at the same time aa data samp·le Q(t' +T/4). Simi• 

10 . larly, the .. next Q sample, i.e. th~ Q(t' +3T/4) sample, is 

paired with, and treated as though simultaneous with, the 

\_/ next I data sample, which is the I(t'+T/2) data· sample 

intermediate to the pair of Q samples. '.rhis quadrature 

:misalignment produces a pair· of demodulator output side 

. 15 lobes if the sampling frequency l"s is not. exactly equal to 

four times the carrier frequency l"c. To illustrate, we 

define a frequency offset Al'=l"c-<l"s/4). If the modulating 

signal is a tone at a modulating frequency l"m and if the 

carrier is offset in frequency by Al", then the resultinq 

20 pair of demodulated signal sidelobes appear at (l"m±2AI"). We 

prefer, although do not require, that the highest modulating 

tone frequency is less than about 1 percent of the rate at 

which the I. and Q samples are being generated (which rate is 

21"c)' so that the over•samplinq characteristics can be used 

25 to solve the quadrature correction problem by averaging. each 

· Q data sample with the preceding Q data sample. '.rhe g 

average data.is then that of a "2avg" sample paired with the 

I sample whi~h was taken at a time interval T/4 earlier. 

'.rhat is, over-sampling allows the data value Q(t'+T/2) to be 

30 approximated as equal to !Js(Q(t'+T/4)+Q(t'+3T/4))J this 

Q-(t'+T/2) average value is then paired with the data sample 

I(t'+T/2), to· effectively eliminate the time offset intro­

duced by the complex digital sampling technique. However, 

.-11-
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because the Qavq data word is not avail.able until after\<i: 
time ( t' +3T/4), ... th.• I ( t' +T/2) data . word must be delayed · 
(even. th()\lgh not· averaged) to appear in time synchroniza.tion 
with the Qavq da~a ~ord. 

S We have also found that, .. when a frequency offset 
AF is present, ~· demc;dulator output also contains a second . 
pair of sidelobes, at frequencies (Fm:tAI'), which is caused 
by any DC content.of t)ie inpilt signal. 'l'his DC bias is 
reduced, and can. be· substantially !l~iminated, . by •.. averaging 

10 successive sample• separately ineach of the_ I and Q chan-

.• 

. nels. '?hi• can .be understood by re•liz.inCJ that, . before . the 
inversion of alternate samples in each c:hanne~ as part of --v . · 
the di9ital mixinCJ p~oc:esa, a first I.data wordI(t)·is the 
re111.1lt· of .. diqitization .. of an. analoCJ value i(t)+~ where .. ~. 

15. is any_ana109 CC: bias present. After one•.half cycle; the 
next I:data sample is, before inversion, -I(t+T/2), which is 
the diCJitization of an analoCJ inP\lt of •i(t+T/2)+$. 
Inversion of the secqnci sample meane. tbat to data word 
I(t+T/2) is the digitization of 'the·: ~aloCJ vaoJ.ue 

20. i(t+T/2)•gg; only the polarity of the DC bias t•rm changes. 
·By summing both quantities, the DC biaadata is effectively 
removed.and cancelled • 

. In ac~al implementatic;.n of ;he hardware for 
averaginCJ a pair of 1'.•bi t two'.• s-c~aplement numbers, for 

25 quad~atQre coi:rection and/or DC: ~emova];, we· have found that . V 
avera9j,n9 by takiz;aCJ the sum of two samples and truncating 
the least..,signj.ficant•bit (LSB) of theresultinCJ (n+l)•bit .. .. 
data word .·(where truncation ·is intended to·~ equivalent to 

. a di viaion-by-2), introduce1t a . oz;ae•half Lsa. bias in the· 
30 neqative S\llDa,;so.that.the. tr~sfer charaoteristic; of .the 

averaqer ia not symmetrical and renlta in even harmonics at 
the demOdulator output. We have· found that a proper 
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symmetrical response for the avera9er is provided by acldin9 

the quantity 1 to each ne9ative sum, prior to truncation. 

Referring now to Figure 3, our presently preferred 

embodiment of complex di9ital sampling converter 20 utilizes 

5 an ADC means 60 with a maximum samplin9 rate of 20 MHz., for 

10 

• 
use with a 16 MHz. sampling clock C, as required, for an 

analog input AIN siqnal at a IF carrier frequency of about 4 

MHz. If converter 20 is built in discrete-device form, 

means 60 is a type me 1068 ADC avail~le _from.mW, while 

all the other blocks are industry~atanc:lard TTL/LSr.t'L di9ital 

circuitry. of the 74/74LS series. This particular ADC has a 

built-in flash converter, analog amplifier, and precision 

reference generation circuitry, and provides a n=S bit 

parallel data output. The DC content of the input siqnal is 

15 substantially reduced by utilizing a hi9h pass filter means 

62a, comprising a f~rst section of resistor 62a and capaci­

tor 62b, in a second section of resistor· 62c and capacitor 

62d, operating with the &?aloq input impedance of the ~· 

A logic inverter 64 is utilized in the ADC means most-

20 siqnificant-bit (MSB) data line DS, to chan~e the offset­

binary data output format of means 60 to the desired two's­

complement format. '?he two's-complement formatted sample 

(obtained for each sampling clock CtJ( pulse on bus 21) is 

temporarily captured and helsJ. in a first latch means 66, 

25 · having a latch stage for each of the n=8 data lines. 1'he 

latched converted data word is then provided to digital 

mixer means 24. 
In the digital mixer, every other pair of samples 

is inverted responsive to a clock siqnal C/4 which is the 

30 system clock C reducect in freq\lency·by a factor of four. 

'l'he divide-by-4 means 26 actUally consists of _the divide­

by-two means 32 and a subsequent divide-by-two means 26'. 

'the digital mixer .includes n=S exclusive-OR gates 40-1 
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through. 40•a,· each·"havin9 a' firat. input receiving an a •• ;~. 
ated one o'f.the eight:· parallel data bita of the ·digital. Jord 
then at mixer inp\lt. '24a, and a second ·input, all connected 
in para·llel to· receive the ·c/4 clock bit fr.olll divider 26'. 

·s ·The output of· ·each of XOR '9atea 40 ia ·tempora~ily latched in 
anassociated bit of latch meana'42, respc)nsive to an 

appropriate edge· of the system clOc:k c signal.· To correctly 
invert the 'incoming two•:a-c:o.plement nWDbetr, a ·pair of 4-bit 
adder means 44•1. aftd 44•2 are Util:lzed, With one· Of the 

10 ·latched data bitlj·, !rdaalatch means 42, appearing at ·each Of 
the associated A i$\11:al a> low io91c leve·l will appear at 
each of 1:be-asaocia1:8d ·a inputs •. :The ~8 carry•in Ci input rJ. 
ot·adder••ans '44oi.1 i:• the lo91C:·li1glia1 frem.tbe output of 
divider' means 26'; aa latched in tbe 1:ype-·D staqe 46. The 

15 .·. properly inv~rted ~8;.bi t two' .-c:omple.llent data sample, ftOw 
at·basebanct,. appears at the& summation I outputs of adder 
means 44~ and each bit ia temporari·ly held in a mixer means 

· output latch 68, to appear at· the digital. mixer output data 
port 2'4c._. 

20 The DC ·offset removai. ineanS: ·2a ·receives the .· 
sequeni;ialworda, each of 8 parallel data bits GS•Gl, from 
·the digital mixer . aDd take8 the average Of' eaCh sample data 
word then.presently at the·1np'1t·w:i.ththe second-previous 
data word; that is, if th• pl::esent data word is a 2 data 

25 word, ·. the 'laat~previous · data word/ being a I· data word,. 
cannot>btt·included as· part ot the ·•ample, 80 ·that the 
second-to-last data word (which ia the next-previous Q data. 
word). muat· then·b• utilized.· Similar io9ic ia required if 
the present data word i• an I data·1irord. · ~erelore, two 

30 inter-sample delay• are requir8d; ····each reeponaive to a 
ditferent one of two conaeeutiv• clocJc c pulses •. 'Th••• 
d~laya are carried o\lt·in a lirat·cieiay ·1atch ineana 52•1& 
and a seconcfdelay. latch meana 52.;.u,. A ·zu.ne•bit adder 
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means 54 has a different one of the 8 undelayed data bits 
provided to each. associated one of the A inputs of first and 
second 4•bit adder means 54-la and 54-lb, while the MSB 
undelayed data bit is also provided to the A input of an 
additional ninth-bit adder stage 54-lc; this sign extension 

• results in a nine-bit sample. A like-numbered bit of the 
twice-delayed data word is provided to each associated B 
input of the 8 stages of ac:lder means 54-la and 54-lb, with 
the MSB twice-delayed data bit also b~ing provided to the B . . 

.. 10 input of ninth stage 54-lc. '?bus, the data values of 
consecutive. samples (in either of the two data streams) is 
found at the appropriate output of latches 68 and latches 
52-lb;. these two consecutive sample values are added, and 
the sum is tested, so that a value of one can be added to 

15 the temporary sum if that sum is negative (to eliminate the 
previously described asymmetry). The resulting adjusted sum 
is then-divided by two, by shifting the resultinq 9-bit sum 
one diqit riqhtwardly (so that the Dl I.SB list is not used 
in_ the resulting output sum) •. It will be seen that this 

20 process requires that two separate· sums be calculated: 
first, the two data values must be added together in order 
to determine the sign of the temporary sum and then, second-
1 y, the adjusted sum must be formed with a bias correction. 
'?he sum adjustment feedback.is provided by means 70-1, in 

25 ·which the system clock C signal is inverted by an inverter 
means 70-la, to provide the clock signal to a type-D flip• 
flop 70-ld, and also to one input of a 2•input AND qate 
7~lc. The SWlllled output D9 bit of .ninth I ataqe 54-lc is 
coupled to the data D input of .flip-flop 70-lb, and, when 

30 - clocked, provides the g output ·thereof to the other input of 
gate 70-lc. '?he AND gate output forces the carry input Ci 
of adder stage 54-la to·• low level when~· clock C signal 
is hiqh, so that during th• first half of each clock cycle 
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the carey-in· siCJiial to the adders i·a lOw and the si911 -0~­
temporary sum is determined from bit D9. a~sponsi ve to. the- --
£al line) edge of the cl-oC:k c aignal, sign bit~ o9 is clocked 
into flip-flop ··10~1b. The inverted clock signal~ at the. 

· .. 5 other AND qate inpUt now allows th8- sign bit to propaqate 

froia the tlip;..flop Q outpq.t through the gate and drive the 
carry input of the adc:lers to the proper level. -nus, first 
half of a clock· c· cyC-141 is utilized for adding togeth-er~ the 
present data.tetmand the.tWic~-prev~ousdata term, so that 

10 the si¢ of the sum can be determined •. · Tha---'-seconcl half of 

the clock cycle latche~ the •1911 bit ill th~ "tl.ip-n-op to 

... 

drive the carry' inpUt of th.e· adder -stage; because the output ··u. 
of the preaent.;.data latches' 68 and the outp\at of the twice~ 
delayed-dataiatchea S2-1b-have not changed, the-corrected 

. 15 sum is·· formed. The 9•bi ts Of COrrected•sum ·data are shifted 
one bit riqhtwardly by hardwirinq. each b_i 1:' Dj ·. (°for 2SjS9) as 
the .outJ)Ut bit Dj--l and ignoring. th• Dl bit•C-

. In the. I/Q sorter means 30;. each· bit is -now 

applied in pat-a11e1· to the like-bit- -inp\lt of both a S2. la-tch 
20 means 7l .. 1 ·and an--1 latch means 72-2. A- first inverter 74a 

25 

. . . ·. . 

provides a half-freq1.1ency not-clock (C/2) waveform, which 
causes the Q sainples to be latched'in latch means 72--i at 
each risinq edqe thereof. A lisecond inverta?f 74b provides a--
C' /2 halt'-clo~k frequency pulse stre~;.-;.,itbcth. risin9-
ed9es thereof being provided-~to the enablinq injNt of latch 
means 72~2 with the proper timincj-'to latch the I. data words 
therein.·· Thus, ·the, altematinCJ ris1nq -.l:tqes on' the C/2 and 
c• /2 signals cause the·. of-fiet~compensated s1tit11e. data stream 
to be sepaz•ated· into its' I anct~i} componentil, which are 

... 30 simlt~eously made available;_. .•• n=ra---bit•pa~a_ll~l data 
words •.. The Q quadratUre-phase data word, .0£- bi t"a QSS-Qsl' . 
appears. at the OU,tput. of litchea 72~1, while. the n--S•bit Is 

in-Phase data word, of data bits--ts8•Isl' appeara at thL 

-1&-
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output 0£ latches 72-2. Both data words are simultaneoualy 
input to the quadrature correction means 34. 

Quadrature correction means 34 corrects the -rror 
introduced by the non-ideal quadrature samplinq processing 
by doing an additional averaging of the quadrature-phase 2

8 
data stream. '?he Qs data i• delayed £or one sample period 
(now equal to 2 clock time intervals) in a time delay latch 
means 52•2 receivinq the hal£-clock-£requency clock pulses 
C'/2 at a clock latch C input. Aa in the averager in the DC 
removal means 28, c:lurinq the £irat hal£ the cycle 0£ the 
actual clock (here, the C'/2 clock), a negative-sum de­
tection circuit 70-2 acta upon the ninth data bit D'9 from a 
MSB adder means 54-2c to determine whether or not the sum is 
negative (with data bit D'9 being a high logic level, since 

15 two's-complement loqic is used). The temporary sum sign 
determination governs the logic level of the carry-in Ci bit 
to the first adder means 54-2a during the second hal£ of the 
clock (C'/2) time period. When the present 2s word and 

one-sample-delayed Qs word are added to £orm ~e 9-diqit 
20 number at the output of adder means 54, the LSB bit D'l is 

clisca~ded and a divide-by•to operati~n occurs. A resulting 
8-bit quadrature-phase-corrected data word is latched in 
latch means 74•1 and is provided at correction circuit 
output 34d as the 8 bits 28-21 0£ the quadrature-phase 2 .. 

25 data word a~ converter output 20c-2. As the sorted in-phase 
Is data word was available at the same time as the sorted 
quadrature-phase 2

8 
data word, the same interval of delay 

must be provided therefore in a delay means 52, utilizinq 
delay latches 52-3a and 52•3b, and with a final output latch 

30 . means 74•2, holding the delay-compensated sorted· in-phase 
data I word of bits IS•Il at output 34c, which ia converter 
output 20c•1. 

-17-



RD-18,590 

/ :;~·· 

While o~·presently preferred.embodiment of our\~ 
. . . . -~·· 

complex c:lic;it:al samplinc; converter, 'for use with a d19ital'·· 
discriminator iii a ·m··_di911:al. a8*odu1.b)r, has been d•­
scribed in. detail h•rein, · IDany 1Doai!1catioz1s ~- vari.ations . . ·. . .... ·.. . .. ·· .: . '; . .. . . .· . . . . •' .. .·.· .: ··, ·.• 

will naw become appuent to t:hosEf skilled·. in the art. The 
invention ls therefore.not to be takenl&tl· imifed by or to 
the"· specific details .. "and. ·.instrUmentaii_ties presented 
hereiii bY way of exi)lanation of one ~iment'! 

-;. .. : 
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. CLAIMS: 

1. A complex digital sampling converter, for 
proviclinq substantially simultaneous.outpUt streams of 
in-phase I data and quadrature-phase Q data words to a 
digital detector means of a digital demodulator receivinq an 

. analoq II" signal, comprising: 
.. ADC means for converting the analoc; II' signal, 

having a carrier.frequency rc' to a stream of digital ·data 
. samples taken at a sampling frequency 1'

8 
substantially equal 

digital mixer means for converting the digital 
data sample stream to a stream of baseband digital data 
words; 

sorter means for separating interleaved alternat­
ing ones of the baseband data word stream into sequential 
sorted pai~s of an in-phase Is data word and a quadrature­
pha~e gs data word; and 

means for compensating the sorted pairs of dat~ 
words-for any quadrature misali9Dlllent effects, to provide 
the output data streams. 

2. The converter of claim l, wherein the com­
pensating means comprises means for averaging the values of 

.each pair of consecutive quadrature-phase gs data words. 
3. 'lhe converter ot claim 2, wherein the averag­

ing means comprises: means for summing the data values of 
each·~air of consecutive Q

8 
data words; and means for 

multiplying the summed data va~ues by a factor of one-half. 
·4. The converter Qf claim 3, wherein the summing 

means comprises: means for causi~g each pair of consecutive 
data words to be simuitaneously.available; and adder means 
·for SWlliDing tJie pair of simultaneoualy available data 
words. 
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s. The converter of cl21im 4, wherei~ the cau~i-~-. 
means includes' means fQ:C'delayinq 4!a~h of the-quadrature-

. · phase Q
8 

data words _by a time interva_l" eqUai ~o the period 
between two successive gs data words. '' 

6. _· The converter of claim 3, where.in the multi- -
plyinq means includes means" forremovi.nqth~ least;;.signifi­
cant-bit of the sumnied d&:t2l value word and for shifting the 
remaininq bits riqhtWardlyby one bit.po~iti~n. ' 

. 7. The converter Of Claim 2, whe~ein .. the. com­
pensatinq means further comprises means for delayinq each of 
the in-phase I data words by a ·ti.me interval substantially ' . s ·- ;. ,_; '. .. .·· ·•:·····-:·'.. - '. equal to a time interVal by which each of the qUadrature-
phase Q

8 
data words is delayed in the averaging means. 
·· 8. The converter ··of claim 7, wherein the substan- · 

· tially equal delays .of each- oi -~e data word~ ;~. f!.stablished 
by an inteqer nUmber of cycles of a converter clo~k siqnal. 

9. The converter of C:lai:D'ls, wherein the ·convert­
er clock siqnal is .. at the samplin.q frequency f

8
• _· .. 

' 10~ -·The converter of cl'aiin 1, furtlier C:o~prising 
means for removing any undesiredeffects in thesorted data 
word pair due to a De bl.as '111' th~ input analog si~al. 

11"~ The converter' of clailt io, whe~ein.the bias 
relilovinq means.includes means· for-separately averaqinq the 
values of each pair of cmse6utive In~~ data words_· and each pair 
of c:Onseciitive ~1:u:re-phase data' werds. - . 

. .• ·f. . . . 

12~ The converter of "claim "11, wherein _the data 
words' are. art-anqed in a serially~:i.nterleaved stream,·. of the 

-form I1-Ql~I2-22- ..... ~i~Qi ..... ~ t,fh•,~e. i is an inte<J•r, and . 
the averaging means includes: means for receiyin9 tjle serial 
streams; means . for ."delayiriq' -·~~ . d~ta ~~rd wn,' ,where w is 
either an I phase or a Q J;>Mse cfud n is an· integer, \lntil the next 
data word W(n-tl) of the respective phase is p:cesent at said 
receiving means1 means for sunming the'delayed data 
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worc:l·and next data word of that phase; and means f()r multi• 
plying the summed data values by a factor of one-half. 

13. · nie·converter of claim 12, wherein the 
multiplying means includes means for removinq the least­
si9n1ficant•bi t of the summed data value word and for 
shifting the remaining bits ri9htwardly by one bit posi• 
ti on~ 

14. nie converter of claim 13, wherein the 
averaging means includes means for adding a data value of 1 
to a temporary llWll of the data if the temporary sum has a 
negative sign. 

15. A complex digital sampling converter, for 
providinCJ substantially simultaneous output· streams of 
in-phase I data and quadrature-phase g data words to a 
digital detector means of a diqital demodulator receivinq an 
analog II" signal, comprising: 

· ADC means ·for converting the .analog Ii' signal, 
having a carrier frequency i'c' to a stream of digital data 
samples taken at a sampling frequency !'

8 
substantially equal 

to 41'c; 
digital mixer means for converting the diqital 

data sample stream to a stream of baseband digital data 
words; 

sorter means for separating interleaved alternat-
'• . . 

ing ones of the baseband data worc:l stream into sequential 
sorted pairs of an in-phase I

8 
data word and a quadrature­

phase a. data word; and 
means for removing any undesired effects in the 

sorted data word pair due ~o a CC bias in the input analog 
signal. 

16. The converter of claim 15, wherein the bias 
removing means includes means for separately averaging the 
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values of each pai~ of consecutive in-phase -dat<il words and · ·y 
. ~. . ·. . 

. each pair of COllSeCUµve ~~-phase aata words. 

17 •. _The con,verter qf claim\ 16, wherein 1:be data 
words are arranqed in a 11~.rially-in,terl..eaved stream, of the 
form .. Il-Q~-I2-Q2• •• -'::""11-21- ••• ,. wher• i '--1,~ an •. 1zitec;;er, and ·· 

the averaqinq means includes: means ·for reC:eivinqthe serial 
streams; mf1ans fo.r dela¥inq e~ch data word Wn, where w ~' 
either an I phase or a Q •pha$.e .Ci!ld n is an integer,· until the next ' 

. ... . : . . '••: · ... ·.· .· '•• . :·. . ·. . 

data word W(n+l) of _the resi;>eetiVe phase is .• present at .. ~ 

said receivinq means; means for ··summinq the delayed data 
word and next data word of that phase; azid means for multi­
plyinq·the swmned data.values by a.factor of one-half • . ·. .., ,. . . . . 

.. 18 •. The converter Of .. claim 17, Wherein the 
m~ltiplyinqmean~incl~~~. means for removinq the least-. ·.· ·. ' . . ·:· .· . .. . · .. ·.· .. ·.;.. . . . ·. 

siqnific:ant-bit"of the summed data value word and for 
shifting- th• remaining- bi,ts riqh~wardlf by one bit posi-
ti on. 

.19. The converter of claim ... 18, wherein the 
averaqinq means includes means foraddizi~ a data.~alue .of 1 
to a temporary sum of the data if the temporary sum has a 
neqative. siqn._ 

20. A complex digital sampling converter 
substantially as herei~efore described with reference to 
Figs. 2, 2A-2C and 3A-3C of the accompanying drawings. 
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