COVPLEX DI G TAL - SAMPLI NG CONVERTER FOR BDEMODULATOR The present i ﬁ%géhggi
.relates to appar atus for recovering the nodul ating signal fro@® @& e?
RF Carri.er_signal and, nore particularly, to a conplex digital sanpling
cbnverter for converting an intermedi ate-frequency S (IF) -signal to
baseband for ‘'subsequent denodul ation, and substantially reducing effects of °
I nput signal DC bias and/or sanpling time msalignment. It is well known to
utilize a superheterodyne formof receiver, in which the received carrier

signal is fre- 10 ed pdia wency (1F) at
which fiftering and nodul ati on=4S&a8H& : : === highly
desi r ablBwt 0 provide the | F receiver pormnnbmmlhl c i nt egr at ed
circuit form 15 One integratable denpodul ator is the baseband,

or zero |F, FM denodul at or described and clainmed in U S. Patent 4, 755, 761,
i ssued July 5, 1988, assigned toThRePEPaeBS: inpentienzelates o ARRATAFS

whi ch is incorpor ags mcmi-mg ta&eﬁeaﬁaatsngAexmxIfr&asehmhlated RF

o O npa ks s Bliat anad h8rs pREEEEHEREHE” €60 CHIMEEE Hdirar
first and second Rﬁmp.‘ndexq converterl fardconverting| mainttmmt%&hmmY
signal at the §a” t%mm hﬁggsglwr-:dedrakuﬁsa Lheat | AdhbadlPeidde difal

osci | | at or S|gn ect econd | nput
11- 2b of one of tHRube ur?é-&ﬁs rf!.’“‘&ﬁﬂ P§£ﬂﬁ§§e°§hi¥?‘éﬁ M@i "?8 ‘%r
quadrature shift nagdfor sanplibgotitne aigsaddynment.LO Signal at a second

e oot ut s 10 g ' Y 5ekB0A, Wbk, 50RLLILE R7PGHE0NN LA Yorn
:S| gnal and a quadref regeivsmsdnswhigh ther reseéuﬂéagmr#mmll%%r#m
one 10 gquency converted to an ‘Aintermediate frequency (IF) at which
- filtering and modulation detection are accomplished. It is
highly desirable to provide the IF receiver portion in

monolithic integrated circuit form.

- 15 | : 0n§ integratable demoduiato: is the baseband, or
' zero I?. EM demodulator described and claimed in U.S. Patent
- 4,755,761, issued JulY 5, 1988, assigned to the present
- applicants, the desériptiori in which is incc:pbrated herein
: by reference. A zero-IF baseband demodulator 10, as
20 shown in Figure 1, receives the down-converted IF signal at
: - an input 10a £or'applicat16n‘ to first inputs ll-la and ll-2a
\/ .  of first and second RF mixer means 11-1 and 11-2. A local=-
| ly-generated LO signal at the carrier frequency is p;_-ovided
at another input 10b; the local oscillator LO signal is
25 applied directly to a second input, e.g. :mput 11-2b of one
. of the mixer means 11, and is phase-ahifted by 90°, in a
quadrature shift means 12. to provide a quadraturo LO signal
at a second input, e.g. input 1l-1b, of the other mixer
" means. The baseband signals at mixer outputs 1ll-lc and



| [ - i11452 a baseband in- phase I signal is
f l.owpass filter LPF neans 14-1 or ,
grOV|32d'at'an'lnternedlate node 10c-1 5 whi | e a baseband

t er medigl.g Sd 10c- 2-
hase signal is provided at another in .
3§agéﬁégéetﬁe porfﬁongof denodul ator -10 prior to nodes 10c as dgg@%verter

di scrim nator. In the

te the portion after nodes 10c as a _ _ _

3ch??2?nator, gach of thedsggpals S gehgyidofylg éln?olgrovzgee;egLective
in one of associated delay nean

Bgféiédlrn phase signal |' or quadra- ture phase delayed signal Q. A

n at a first input:16-1a
first nU|tIp|1§£2é6aﬂerf§§$¥§é% { deI | aaﬂoapdowlduaaia-ng‘an

d the undel Si t
gﬂt put 16- 1c a&‘%ﬂ?dﬁ%khe Pqteq)rmmleanouplalggf@inégﬁgaﬁg ﬁj‘lrr‘i%. Jes
e i ared gfs et E " nput 16q2 hégghe a, Rasehond insi gnal

the del ayed Gnaleeladndi 9.4 LISty aamgmgmaaiaﬁezaoagzg?c? r oduct
its e
'Q sign fiile |mqme mmmueesecgﬂgghﬂp PESTLdRA A% oct or
SuMTRL i 0N NeansotHEe iﬁiﬁéﬁeﬁi&% e OB 18581 Py daneteothe ot inn lon
?E;pﬂengsd mﬁoﬁ% *3 O prieryitel nodas &QCeaetaoéoﬂvei'ﬁerC'ax‘id“deYotzeS
: nodes pphaﬁenshtthrknﬁﬂde(Eﬁﬁ)aﬁn d §¢9 E&££$g£ In th Il be
af ter FSK) opodul atton” can FERBv e Q. wi
phase/ f requemeﬂhfzh ?g l'Jt | %% § nﬁ gnblaa:hm@glgy&my attjm hi ghly

th de dulator
32§|nrab rlm 48 indenetof asqmiated)cde‘:ﬁ Gedahd QB e 3 Bl'ocks

powel and unltb miridadre9§EGﬁ§6et3€ O#@ f%né)# Of %?{]},htr& %Mrat-or as
et ol ot SHFACPhRMR, e LAven Rlumil 10l N Fomem mesptiamnen g
3?5fr3| 3eieHgF&#UPS|thehdell&edVIF%iigﬁil’f% a first. input lS-la and
the undelayed Q eignal at a eecond input ls-lb 80 provide
lél at an output ls-lc eignal which is. the QI*' product, and is
applied to a first input 18a of a summation means 18. A
" second multiplier means 16-2 ‘receives the delayed Q' signal
~at its tiret input 16-2a and the undelayed I signal at its
second input 16-2b £or providing at its output 16-2¢c a
20 product IQ' eignal for application to a subtractive second
o _input 18b o£ the summation meane. The di££erence signal at
' output 18b provided at detector output 10d, is the modu-
“lation data which hae been recovered from the frequency-
'modulated IP input eignal By alteration of the circuitry .
.25 after nodes 10c, phase-shift keyed (PSK) and continuoue- A\
' ' phaee/frequency-ehift-keyed (CPESK) modulation can be '
recovered. 1 .
It will be eeen that demodulator lO utilizes a
"number of analog blocke. it is highly deeirable to utilize
30 digital eignal proceeeing to reduce :the size, power and unit
' coet and increaee the reliability of each of these blocks,
as well as to £acilitate fabrication of a completely digital
demodulator as part of a single integrated circuit chip.



alt, as described and clainmed in U S Patent 4,647,864, issued March 3,
. 1987, assigned to the present applicants, the description in which is

i pcor por.ated* herei-n by S reference. This non-coherent digital

denodul at or of anal og FM signals utilized an anal og-to-di gi tBP=18:820t er

for converting the analog FMsignal at the IF frequency to a sanpled stream
of digital data words, which are applied to a digital mxer for sorting
into separate | and Q data streans 10  which conprise the baseband _
representation of the nodul ated waveform The use of a converter outputting
two baseband data streans is necessary in order to retain both the phase

and frediency i nbmwe prémieey RigiRhl BemdAuatairdns! SHPSWHW:&Q et
non- coherent det tor S, use t 0, ext t 15 a I ne unct1 on ose

| a
argunment is propoftioihi9gicTihe éﬁﬁﬁ&gﬁ dRaP - SThPatent 4i 647 4f&ki des a
“denpdul at or di gikssuetManch pd; , 1987 ¢ hassigned tequheeﬂrebeneoalppnédn&‘%k
|-09 si ‘¥l ok PN agQr ug., |
gabg?aﬁ??afﬁ ?;f di ?éiﬁiﬁg}ﬂﬁgéigﬁgﬁgn i?g igagkggﬁgg%aeﬁgﬁggersxinator

appar at us f PG od e S noR-coberens-digital demedulator cift analog
AL (oo e s o asales beamittal iR,
ek ones “1T oA Sl bl b 30 B 588" eFoinnie g
there al so'was AAPEIedhream of digithli data wopda) . wHich ateapplidetd a
P Gty dos  abl oy SAE MCIAGR! Byl sfto! BEpRPREES] ind ¢ davd RS
5C bl s -andiGr GHARE SRt her Séeg "EEPEEBRETALLaR of e medulatednc
modul ati on recowavafdim.a Thasasecof di gohebrtes Couthwetlig RS ikisedana FM
denpdulator -3- datd¥Ferkins"13 hacRBEaBy IR  oflel "Eo' foddin Bher 1A DhSse
i and frequency information contained in the IF signal. A
' subsequent digital non-coherent detector is used to extract
1S a sine guncfion whose'argument is proportional to the
o modulatinq'signal. This function prq?ides a demodulator
digital data output, which can, if reqﬁired, be converted
"' back to an analog signal to provide a demodulator analog
output. While substantially of digital nature, the entire
20 converter-discriminator apparatus was found to produce a
pair of undesired output side lobes whenever the sampling
'-frequency was not éxactly equal to four times the carrier
- frequency, and was also found to contain a.sec§pd pair of
. undesired sidelobes, if the aforementioned £re§ugn¢y offset
" 25 was present and there also was any DC content in the IF
- ' input signal. These two problems are associated with the
cbnwerter portion of the apparatus. It is therefore highly
- desirable to provide a conpléx‘diQitil'saupling converter in
: which DC bias and/or offset frequency errors do not substan-
- 30 .- tially affect the modulation recovered by a subsequent
digital discriminator portion of a FM demodulator.



digital sanpling converter for an |F denodul ator includes:- an
anal og-to-digital converter (ADC) means receiving the IF S anal og si.gnal
~for conversion to a digital data streamby sanpling at Rpsa®MIsegy rate
frequency substantially-equal to four tinmes the IF signal frequency; o
digital -m xer neans for converting the sanpled data to baseband; neans for
sorting the interl eaved sequential in-phase | data words and 10 '
guadr at ure- phase Q data words into a pair of concurrent | and Q data word -
streans; and at |east one of neans for renoving the effects of DC offset in
t he analog | T signal applied to the ADC and neans for correcting
*'msalignnment errors in the concurrent | and Q streams. 15 - . Ef% t he
present preferred enbodlnent both correc- tion nmeans are utilized. The DC

of fset renoval neans \monycispest 6f the haseh%&énsa@b%ﬁfg Wy I e the
rat dre-
ing

(rjn;itsgl Qg?ggnwfééﬁgtlon .lrﬁans aver%e%r&% axfalr quad hased Q -

. ndese extra
delay in th@mth@ﬁatﬂ/ ooxwrertir tmc)nmw:w;eneaem IF -

according! y BafiP U e 6% okl 40\ AUl QORGSO U0
anal og si gndIABRARY B A 3%%%@%/@% Wn&i&yeequalupon .
Wl rﬁéﬁéﬁée‘;ﬂwg;“"ﬁ“;ﬁ{‘?ﬁé‘. Qﬁaﬁgﬁ @g&fgﬁﬁ;ﬁﬁgﬁé‘f%ﬁw“
| 43#&# a SSCFQFEHNQ |
drawi ngs, | M|meﬂ@ﬂ@m@mhlsdmmu [ deh:adwogaermn& a prior -4-
RD- 18, 0 Qidad?ﬁ&r‘f p@ﬁ%"eb@" | Otd ZQ.Bto a pair of concurrent I
and Q'data word streams, and nt least cne of means for \‘F)'
frenovinq the effects of bc offset in the annlog It'signal o
applied to the ADc and means for correctinq nisalignment
‘errors in the concurrent I and Q streams. - .
15 T In the present preferred embodiment, both correc-
"’tion means are utilized. The Dc offset removal means uses
":averaqinq of the baseband samples. while the misalignment
’correction neans avernqes each pair of quadrature-phased Q
data words vhile compensating the inrphase I data streams
20 for the extrn delay in the averaged Q data.. : .
s ' By'means of the invention there can accordingly
“be provided a novel complex digital sampled converter, for
o use with a digital demodulator, which removes -
| _l'_substantially all effects of analog signal input Dc L \;’
35'_ biasing and/or sampling frequenoy error upon the recovered
idata.

- - The objectives and benefits of the _présent

i invention will become apparent upon xeading the following
detailed description, SENTEN— ... when  considered in '
oonjunction with the associated drawings, in which:

- 30

Figure 1 is a schematic block diagram of a prior

4=



Fi.gure 2 is a schematic bl ock diagram of a conplex digital sanpling

. converter, in accordance with the principles of the present invention, for
- producing baseband S | and Q.signals substantially free o t bias
: alad/ or sanpling frequency error effects; Figure 2a is a graﬁﬁpi4:%§reulng
an i nput anal og signal wave and the nature of the conplex digital sanpling:
process, and useful in appreciating the problens alleviated 10 by the
present invention; Figure 2b is a schematic bl ock diagram of a digital

m xer utilized in the present invention; Figure 2c is a schematic bl ock

di agram@f. one type of digital signal averager for use in the present

|pgﬁgﬁngxgﬁgOdrﬁgﬂng?ugg gathangcagﬁaaupa€$9§k di agram of one presently
ipnventiOn, for use in a dpgﬁf'ng?eél\ilﬂglﬁt) "a %‘“%V agtan Plog i° Presen
[ERR] The presecomplexcéidgitdlesanplingt cohiverterorin aodordansce Witht theed
Seen that ¢ _E‘édﬁé Skflg?%?eé gfﬁa 9??2%%%%2‘;‘ L o 3‘“"5&‘“‘%’ “‘“‘bgﬁdzz;
COuEr eans 1o, sampnings sonquabip Ezzz’fa:m;zm"zfgﬁl i e e

tho ful ly-dlgital dig- o FRINECPE, BRI 2 RHER 11 ety 3 Ly Wiines
patent can 30 signalnwayecapdathe nstuaeuofzthpfqnmnln&;q&gitaiwa@mpanaq

digital FM.denbgid-aleals, aha a&ezemt :I.h”&%)i_:é@i‘atfn@ P oL XEnts tadl) eSAAREWNY

converter. neans 20 ure 590 provides a bias-free
and/ or offs:'& flbﬂeé‘ﬁggﬁl’ﬁf‘ I PgFPFiOnS

Figure 2b is a a schematic block diagram of a
\4\/ ’ digital mixer utilized in the present invention;
' - Figure 2c is a achemétic block diagram of one type
- of digital signal averager for use ia'the_p:esent invention;
15 and ' : _ | N :
o ‘Figure 3 is a schematic block diagram of one
presently préterred embodiment of a complex digital sampling
converter of the present 1nwention, for use in a digital EM
demodulator.

20 ' Teva.” @ Zees ipn - ed che Tooetror
. The presently preferred embodiment of our con-
" verter is illustrated in an EM demodulator. Referring
initially to Figures 1 and 2, it will be seen that the
\_ " demodulator digital frequency discriminator portion, which
25 comprises diqital delay means 1s, digital miltiplier means
16 and diqital adder means 18, operates ‘upon the in-phase I
‘data signal and the qnad:ature-phase Q data signal, respec-
tively, at nodes 10¢c~1 and 10¢-2; the £u11y-diqital dis-
_ -criminator iuplemantation 1n the Rafferty et al. patent can
30 be, and preferably is, utilized for this portion of the
diqital 'EM demodulator. The present invention is a complex
:'diqital samplinq converter means 20 (Figure 2) which

-5



SN

data words at a pair of output tefminals 20c, equival ent to the nodes 10c.
at the input of the discrimnator portion. Converter 20 receives the
(frequency-nodul ated) analog IF 5 - signal at an input 208D=-1Bg586 S|gnal “
has a center, or  carrier, frequency F illustratively 4MHz. A sanpling
clock CLK signal is received at an input 20b, with a sanple frequency [err] .
ideally equal to four tines the IF carrierﬂfreJ quency (i.e. [err]=4[err]),
for producing the | and Q data streans 10 at outputs 20c-1 and 20c- 2,
respectively, for introduction into the digital dlscrlnlnator portlon of

t he denodul at nal s |
anal og i nput {E‘a si ng ("F f% I’ﬁ?@ca 5 gl Bﬂﬁ i gnal s
at a sanpling %‘E# dfﬁ'-’#hriﬁ 321-'{!11-‘1 (9%1%\% fesminals 20c, equivalen* to -
subst anti al | yeleglutddes ITE at WU ligputedzh &edaabhe&ndah%o\e%drei RS ']

aral lel datg,hits..at at a -qut put-_por;t, 22¢, rin of the
Pnput anal oga% é}‘ﬁ%ﬁter %rdj _ _u dlglrjzfﬁ& él‘q M"’; : gHSrﬂF&GSd&FQ leg BEseband
i's then pler- $igwall &%y an siaputf ZQi;cltéxe IF aignalt hhsnhxeennanso£4 The 20
st ream of. d| t. i%ga Al i ded r xer
means i nput 24 ?h% & J&é@; | c?c'qa osctﬁ'l%at %r El?‘ﬁ%utﬂ 3%85?1% é%og%
recei ved a sdti SHERAL digyFaceidved, ak A% Aapug 205,| withcgueampleerr|: this
' square.wave Sf:gs&ue mowdmm eaumdruagfbhe ¢inels €hE tFgBakries £he-

cl ock bus 21) ct gt n divi 6. a cordance
with one aspe%"fg'lﬁ tﬁe % éoser#c)ﬁvﬁr °%§‘ﬁgxﬁag§3age gté Sf'ﬁ fg

di gi tal MXerabmmm(iOq-d and 20¢-20 Mtﬁm&wcztaroinatWOtient
removal 30 % ’dilﬁ]llf.@l @1%%:&%&%\6%% bh&-eab Ckes tﬁaaaen{paaﬁéaé 21,

troamof d g &, DARARA A, ARA LR FEAPEH R TDAT 10 SBPLARY. BE BhACSBALehe~
anal og i nput :E:\mnalzz:isaf a Iﬁnﬁe ape means 22. which receives the clock
: ] siqnals et a sanplinq-strobe 1nput 22b. o provide four
15 suhetantially-equally—spaced samples. each a digital data
word of n parallel data bits at a data output port 223,-
~“dnring each cycle o£ the input analog signal.;. requency
translation of the sampled data to baseband is then per-"
‘formed’ by a set o£ latches 1n a digital mixer means 24. The
20 stream of digital data words from ADC means 22 is provided
to a first mixer means input '24a. The mixer has a local
oscillator input 24b at. which is received a square wave
signal at substantially ‘the IE‘frequency ? ; this square
wave signal is provided by dividing the clock CLK signal (on .
25 ' clock bus 21) by.a £actor o: Q, in e_dividefpy-fou: means - |/
- 26. . :
L In accordance with one aspect ot the present o
'-invention, the-baseband data signal, at digital mixer output
: -"24c, is applied to a data input 28a of a e oftset removal
30 means 28, which'’ also receives ‘the clock signal. £rom bus 21,
" at a secénd input zab. The output 28c of tho Dc oftset
removal means is a etream oz digital data wo:ds £rom which
'tho effecta o£ any Dc bias on the analoq 1nput siqnal has



been renbved. This data streamis provided to the input 30a of a I/Q
~sorter neans 30 having second input 30b receiving a substantially

sguar é- wave “si-gnal at one-hal f .t he clock CLK frequency, as prRPAX&SEIy a

di vi de- by- two means 32. Sorter 5 neans 30 sorts the time-sequential, .
interleaved | and Q data words so that a pair of sorted in-phase [err] and .
sorted quadrature-phase [err] data words: si mul t aneously appear at sorter

out puts 30c and 30d. The sanpled data words arrive at input 30a in a single-
stream at - the sanple rate 10 ([err]—16N+E here) and leave in a pair of

streans _each at a the in rate re,

words st"’r’ifam out éﬁ %Mﬁﬁg ?ﬁtﬁcgsﬁgﬁﬂcigﬁf%ﬂé}%‘% h%?d%‘g eidpuﬁ 30a
the present..i nverctﬁ (m 1/0 goxtext meansolPenbaving mstnmaqummq
sorted [err] and{ ?@s%a‘ﬂ@%ﬁ%@eﬂ&ﬂ%kagibﬁﬂyaé %m-qeaww'aw& cm(
nodul at ed :out.put side | obes whi"ch “w | cur 1f the sa

cl ock CLK;, frequefrsﬁﬂﬂ"{’é?crﬂ' as P&_'Pvéﬂﬁetpy éqﬂé%igﬁ‘kﬁtﬁ'"?l'?ﬁe%nﬁ % r(;,er
frequency [SBB] afedrs .‘Id:scirg:saltlﬂenmahet-seqhenﬁﬁsbduimtaleﬁaﬁrntaﬂceQ data
correction e (o S ivin
the [err] si gnal a a fi rs??]ﬁﬂ:u(i ?agfaggpggg?ggugﬁn?{ af'a a:‘iél‘:cl:(]:)’r rlfateﬁc&e )

i n- phase [ si‘grialquadza R, data UBHBPeEiFBIF?RQQRﬁ$NESPREQFt%%
sanpl er out put nme?&cnh ab&omactaodes ThE| Sahp DEAEDdtS Gidrds id¥rive

34-2 t d t 34b and

br ovi di ng threezﬁ%ﬁ;%%e a5t 8 =ipdnd brPan aR CERE wBEE S8 0 4
out put 34d, IQ)r - lﬁmz.ohdro)canﬂl deavieginak pabpl of streams maghutatdudf
20c-2. I't wild ama aﬁgns Fatie{eC g DEndERNSand 0S5 wirds Wildat but

Unli ke the nDstIy ana rter in the prior aPt dent¥ul ator shown in
FLgELe 1, in tmsﬁﬁ: alog m xers and a quadrature phase splitter
are no Ionger needed As tiim Wt&mxwmghpmomcrdmmtoﬂrﬂw&ramr

__7_ - invention, a quadrature compensation means 34 receives the
15 ~‘sorted I and Q data words and substantially removes the
" pair of modulated output side lobes which will normally
" occur if the sampling, or clock CLK, frequency F is not
- exactly equal to four times the carrier frequency F of the
IF signal input to the demodulator. ‘Quadrature correction
. 20 means 34 includes a compensate delay means 34-1, receiving
 the I, signal at a first input 34a for producing a delay-
~corrected in-phase I signal at a first output 34¢c, coupled
'~ to the complex digital sampler output node 20c-l, and also
includes a misalignment correction means 34-2, receiving the
- 25 ‘Q, signal at a second input 34b and providing the '
| ’ quadrature-corrected, quadrature-phase Q data stream at an
‘output 34d, for coupling to the complex digital sampler
second output node 20¢c=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 Figure 1, in this converter analog
‘mixers and a quadrature phase splitter are no longer needed.
As the digital mixing process does not produce higher



RD- 18, 590 frequency terns, there |§'nd'IOnger ény need for | owpass fllters

Laen cyend oreudph sph e n REsSEcpnithuagc v

Most inportantly, ther is no requirenment for two totally separate
channel s, .each containing a nmixer, a filter and a ADC meanBDs38:%$%@ th

need for obtalnlng closely- 5 natched phase and anplitude response is
renoved. Figure 2a illustrates the conplex digital sanpling process,

wherei n an anal og signal wav form 36, occupying a tinme interval -T=1/[err]
is sanpled four. times during each cycle thereof. The first sanple [err]
produces a sanpl ed 10 signal 38a of a first anplitude,. which is converted

to a.data \Aorcfrteqdeamsbeg-ned thetbeiannahaaﬁgerdah9 ﬁ&é&afbirhfo ssanpl e

err] occurs 2 produces a_ da '
g8b Lsm gned ?gt yat ugﬁen%ﬁase @da%‘%?rg Tﬁ%?'égff'é?ntaf?’ért-’ s
another tine. Fﬁﬁé@&& 3%?43859 channpilsd sa9b|eo§tai$ine aamixer) ha sfibter

~another | sanand aBW&eahbesSa%BhQ dﬁb%&&& esrsaﬂelﬁdﬁ rd %ﬁr W at a

time interyval _T/2.af the A |t|a err I't OCCt g t he
opposi t e- r?ol aﬂatt\fhﬁglt P ﬁ?l anf #‘FIE“?@”P gﬁﬁbl %’aﬁﬂ“m i nvol ve-an
i nversion of the | dataFignrelzaamlluseraedalthBOcompleiedi&itiﬁ”ﬁ&ﬁbling

Simlarly, th t%eul h :
|In'[n er\a/lgil yT/ 2 fter E‘he?ﬁ%tb ?gl inalﬁéxsi%ggr?L?ﬂfg%%ur %%é‘?ﬁ%f%git% 38d
i s an i nvert e¥iBe dnterval Iri/E IheilvéaFP@Ph@hﬁmﬂsam@p@!rmlaqh ocess
repeats, WIthc?cﬂ.edther&bfeaﬁn";in‘ﬂledzeééﬂtpli Qbi- éeaingénpiéérrple

r.d fgﬂﬂ;ourth qgles I n
A Ryexkes ke, but
require nul ti gatsawesd B9 hef aaabqned to, thdnlﬁl-phasifkodawl qtremi.emanieed
Lo o . Bt BRCeLAA SEUR, SO0 B 4, D
acconpl i shed.. Pﬁ°§HFéé §eﬁaFﬁt§‘£B£ﬁss ?a"gﬁﬂﬁﬁ4n ?rﬂ??¢ﬁﬁﬁ“§ﬂﬂR§QﬁQn
ata sanpling R datanegrpamt] !herhafterpuaftenﬁsnatﬁeﬁefﬁﬁi iteBALY iIT/a,
frequencis[erg]thlgd sample 85 ia taken; this is another I sample.;
___Becauae the eample data 38c of sample s3 is now at a time :
.interval r/z after the initial I sample sl, it occurs during
the oppoaite-polarity halt-cycle from the S _1 sample and must
_ __involve an inversion of the I data..i e. is an inverted I,
_20__,or I,_eample.“ Similarly, the fourth sample 54 is a next Q
_sample, provided at a time interval T/2 after the initial Q
sample, so that the fourth sample data 38d is an inverted Q,
. or Q, sample.h Thereafter. the 4-sample-per-cycle process |
- ... repeats,. with a I data etream sample Sg, a Q data stream
25 aample ss. and so forth. It will be seen that the third and
__fourth eamplea in each cycle are properly assigned to the -
;,reapective 1 and Q data steams, but require multiplication
by a facter of =1, which is e££ectively implemented as a
A _faimple inversion of the two a-complenent repreaentatien of
30%.3the aample data, . Therefore, the cemplex digital sampling
_”proceaa can be aecompliahed in three aeparate atepa. (a)
.. sampling. o£ tha input wavetorm at a aamplinq £requency
_ E which ia Zouxr timea ita center, or carrier, freguency F

~



RD- 18,590 (b) inversion of alternate pairs of the sanmpl ed signals; and (c)
“proper splitting of the streamof data sanples into in-phase | and

quadr at ur e- phase Q components. .These three process steps ar eRRel8,590 out
respectively in ADC neans 22, 5 digital m xer neans 24 and 1/ Q sorter
means 30. Referring nowto Fi gure 2b, the digital m xer nmeans 24 nust
convert the sanple data stream down to base- band. This conversion is
acconpl i shed by a two' s-conpl enent inversion of every other pair of data
wor ds i n'the sanple 10 stream The two' s-conpl enent inversion uses (a)

- f
ver o Sy aﬁ(éjgi the“a"d‘ﬁ .‘ff’n%&f*@’?“@‘ﬁqa?gi"@ 8f cha SiRb E0F Yagnaty; ang,
use excl usi ve- tRTRPeY APHIEFinG: L, thenstreapcafcdata sanples Ginto

whi ch i nherent| yin+piease \arid/ ladratute~phaise Qf csaﬁahenear a TRESE tHe

of the conter i iens Webe hskherds ot TEsbReRivALY o1 i radns 22,

sanpling cl otk Gligitainsixer meanst 3¢ endil/Rnsartiear ®E3ns TIR. single data

streamis therefore int F Oeratrifhg ndly %xggggganghl ”QH& gf, t@?%ﬁ?&h of °
an .

the [err] parallel datg bits is erowd Tirst
associ at ed excl R9aR8 32 gua* 59 I §G“Pé8e99§§ ? °%‘Erﬁ%‘l’“f?%-b4ﬂﬁé'hcy

squar e-wave Si gridndy iThsts Gmrls;onnnut aéﬁbmpIhshodbeS'aVﬂr&R%mm::t

ot ol et 11 IRz A o P obfler RARKL d0Rabs Gbrdal B L9 Sane)

but performa one”s-""conpl ement Fnversio en-t S at
logic | evel 10| n shxeam.: o The tue' sycompiement: hevpmévmmof(aheinversion

Ghant e g R B, €, SRRl ik e
%{;-cgrrpl ement*® ‘fﬂfeﬁ%’@n ‘”ﬁzgané'gg ﬁﬁn? |ﬁv%?1“%h§nt%la'iha’ Fedh®
out put 40c is tenbolak. | Hera slectisei pxbiue&vceensqlﬂngesmslm witln a
~selected edge (ﬁcéﬂﬁifﬁﬁﬂlquency F. signal, which inherently inverts every
' .15 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 provided by
. dividing the sampling clock CLK signal by a factor of 4 (in
. means 26). The single data stream is therefore introduced
© 20 at mixer means input 24a, and each of the n parallel data
bits is provided to a first input 40a of an associated
exclusive-OR gate 40, which also receives the center fre-
. quency square-wave signal_at its remaining input 40b. The
_ . exclusive-OR gates do not affect the input data when the
\\v/ . 25 input-40b is at a low logic level, but perform a one's-
complement inversion when the input 40b is at a high 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 added to the n=8 bit result of
- 30 . the one's-complement inversion. The one's-complement-inver-
. sion data at gate output 40c is temporarily latched, in
_ latch means 42, responsive to a selected edge of the samp-
- 1ing clock CLK signal on bus 21; the latched data is



“ling clock CLK signal on bus 21; the latchéd data is RD- 18, 590 provi ded-
to a first A data input of the aSSOCIated one [err] stages of an adder
,means 44. . Each -adder means 44 stage receive a | ow | ogi c Rpvgs, $90 2 second
B data input. The least-significant-bit stage receives at its carry in
[err] 5 | nput a gating signal fr om means | nput 24b, via a type-D
flip-flop latch nmeans 46, which is responsive to the sanp- ling clock CLK’
signal on bus 21. It will be seen that, because when the XOR gate i nput
40b is at a Iogic | ow | evel, the gates si mply pass the data at input 40a in.

h d t.h | evel at the.same. tige at
the adder meafEopide M A EERER, Hath ARPRTIEE he Bsnac1ated P AL R0
that a proper atagessofoapl edder measssiddn oEacht adderawsnastwfsfbéﬁ o
sanpl es i s cargdead valila l@ﬁr rlgggbr qu Qr r,_hg gbg 'a”&&‘éﬂgngéﬁ’ (Eé?ﬂ 15

Proper DC of f get reanaI ra--ture
correction, intaRshTSign: £&§‘RFFPiEe'HF§8u§S§ﬂiﬁeﬁe¥hb%t%wFi¥E¥ﬁﬁneCﬁruu the

aver age20f5 tMmmesgat&ndahagaalpkeémbﬂeﬂﬁtﬂﬂﬂpdtfzfiiSI %:{Z%rw tE’ﬁi(&d ﬁ)G o
Fi gur c ceLve eam. o al a WOr ds
alng:Jngut por t %8’? % g;@g% égc sgéﬂe?ﬂ’?ﬁﬁ éﬁtﬁ STRPASHYe SRS AMRTS 52,
fora ti'me int&dnG GE?Ck EEEhsignalopnabysl 2Jed Ttitwilbrbe (Been remat, s
applied to a becausadiheh’ehaNRoR éﬂeeOinaudlﬂosaisadéut ogie ‘21.5 1e q

ader moans. - ShR. SAKRR, sYEHRY BARBLEDR, AAEA AT TORHON ThRRARSYh h | <

- then equd0 t om3hner: the; prho@hée) of( a+I6@) logienlaviel savn tite Edmer Fimel/ 2) .

he. f ddake -, hal f
mans 56, so Mty acde £l *S“"?ﬁ?*fgi“p% shipde Wit Plaaid e adtd
(Q(t) +3(t +T/ 2)-‘}5"1“{’6 Shatha prePeyctwe!sreemplement mmm:aloﬂat av_-/

~sanples.- NU|hﬂnbtﬁateOpahraaofadiﬁa Shmples is oarried out. as required
| for the digital mixing step (b). R
15 - Proper DC offset removal, in means 28 "and guadra-
ture misalignment correction. in means 34, as will be
" discussed hereinbelow. reqnire that" the average o£ two
successive data: samples be provided. Referring how to
- Figure 2¢, an averager means 50 receéives a stream of data
20 words G at an input port 50a and’ delays eaoh eequential data
- word in a-delay means 52, for a ‘time interval AT. Each word
of a delayed data word G' stream is applied to a first
‘additive input 54a of a digital adder meana 54. The unde-
layed data etream G words appear at a seoond ‘input 54b of :
25 ° the adder means. - ‘The adder ‘means sum output 54o providee a g‘,i
data word which is’ then equal to G(t)*c'(t), if .
G'(t)=c(ttr/2), then the sum is G(t)*G(t+T/2) “The output
of ‘the adder’ means is operated upon by a multiplybby-one-
- half means 56, so that the output ‘data at terminal 50b is
30 (G(t)+c(t+T/2))/2=G avg’ ‘or ‘the " averaqe of’ the pair of
- sequential data eamplee. Multiplioation by a factor of
one-half, in means 56, is more easily aeoompliahed as a
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ohe-half, in neans 56, is nore easily adconplished as a -10- RD- 18, 590.
~digital division-by-2, which merely requires a one-bit digital rightward
shift of all* bits in the sumdata word. Sorter means 30 separg@hLrs i9d
"sarfpl ed data word streaminto | and Q'channels by offsetting one of the 5
channel's by a delay of T/4. Thus, a Q sanple obtained at a time (t'+T/4)
is treated as though it were obtained at the sane time as an associated |
sanpl e obtained at time (t'), although it is clear that data sanple I(t")
is not actually obtained at the same tine as dat a sanple Qt'+T/4). Sim-
10 larly, the next. Q sanple, i.e. the Qt' +3T/41 , Is paired mnth
and tred™d as-t haigital AAvisionrbyna,h vhish mexely . aamigameonm%

thedl (: +T1/:2) df‘téiéf‘@i)it 6rd gHEWA TR isMiT Y %f:t ?qmau:ts?in&ﬁ?waﬂmm.

- quadrature m saligniment produces a pair enodul a

lobes if the sanpling frequg?‘rt é’HE)ﬁ“ r‘?&?‘éf? &8 gf‘g E‘Fpiﬁéf%ﬁat‘f%
~the carrier frequan:gaﬁein#o I éhdeIahann!l; bweoaiﬁantiagfoaqueﬁc@hﬂﬁfset
[err]. If thg mogy TN d I e ]
and if the carrler I'S o@% ?h}%ettnc ;u@u QH?%%E ?‘%S‘wa
pair of denpdul at Eime; bﬁa?'réﬁhél%)lfé'-? °["€;‘( t V‘&’ﬁr@?ﬁ? n%ﬂ’t?l fouthe
do not require, thahettmdi L8k Mdﬂﬂmﬂmpﬁ.beﬁbenuedatesmt hew' ),

Goner at el (v on PhERSERFe e Ll iR A FaRBTY ??.t‘n‘ “1H0d€ actuatiy
canhbe gzteg 25 lbbtamovi atnahmm m«;;: d:tﬁla:ap 3 bg’réﬂy agﬂ;@i-l .
?ﬁgn '?hat of arme?r r’rl) 2 pal ?ejd%hdjt #ees. ?g (e s &agﬁtﬂﬁﬁeﬂaif a
time interval T/ 4pa FP‘F‘ Lth, Anq trepkad g?ﬁﬂ“g&fﬂﬁ°ﬂﬁt3
QL T/ 2) to be 3flextappdata sdnples withich ﬂmt@@(t:(ﬂmyzog(duﬂsmleth. s
intermediate to the pair of Q samples. This guadrature
misalignment produces a pair of demodulator output side
15 lobes if the sampling frequency Es is not exactly equal to
' four times the carrier frequency E'c. To illustrate, we
define a frequency offset AE‘=E‘c-(E‘s/4). If the modulating
- signal is a tone at a modulating frequency Em and if the
carrier is offset in frequency by AF, then the resulting
- 20 pair of demodulated signal sidelobes appear at (E‘thAE). 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
A ZEc'), so that the over-sampling characteristics can be used
\ Z .. 25 to solve the quadrature correction problem by averaging each
: - Q data sample with the preceding Q data sample. The Q
average data is then that of a "Q " sample paired with the
I sample which was taken at a time intcrval T/4 earlier.
: That is, over-sampling allows the data value Q(t'+T/2) to be
. 30 approximated as equal to X(Q(t'+T/4)+Q(t'+3T/4)); 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,
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'Q(t'+T/2) average value is then pai“red"with the data sample I(t'+T/2), to .
effectively elimnate the time offset intro- duced by the conplex digital.

-

sanpl i ng techni que. However, RD- 18, 590 because t he [ er rep-1gl word is

not available until after time (t'+3T/4), the I(t'+T/2) data word nust be
del ayed (even though not averaged) to appear in tinme synchronization with
the [err] data word. 5 We have al so found that, when a

frequency offset [err]F is present, the denodul ator output also contains a
second pair of sidel obes, at frequencies [err], which is caused by any DC

content of thg_inpu n hi s i-as 1 s- reduced and can be. .-
"substantially’ ﬁ? a?iég Sbyqa%% ?Ft}P #F nog @vaihahle uphids asfeﬁ?a‘r\&ﬁal y

in each of thtimeahﬁ'@‘!hﬁhr tind SI(t T2 ) adathe worl nfist bd) deladed?i NY -

f
the b gi 1 Smﬁ?ﬁ*‘”‘éﬁmﬂm FrOHIRUT o Wripa oy i C“a””imni BRion’

9 ocess
digitization pith tﬁﬂ VaatR Wwex¥d.+dc where dc 15 S any anal og DC bi
present. SAfter. one- héﬂlé Mealschefdlﬁiﬁ thatdl! %Wm ?fﬁiu ?o@fs

as

i nversion, -If(g+T/ s the i tizatiQn of ‘an ana Niaatsia N
_i (t +T/ 2) +dc. ‘# nver?as‘l' Jm%f £ s‘g'&ﬂ#ﬁﬁf “%Pé\?s‘iﬁ&t WE‘G&P& fopgcond

| (t+T/2) is tmimgftsmlmw atifraiensies (F ).i whith2isdeausedy t

polarity of t bhE Sed ¥ OSfe ,gnb.ﬁij #;ﬁ oth-" he DC
bias data is e gg{ Sc reéné)t\g/rekg)iﬁand ca ce Ie n actua |rr1§erreﬂ'%at|on
t he hardware FEF aﬂ¥%g‘%¥‘ elimdnatesdy by avesagingor
quadr at ut@ cosumsn:twamﬂupld?i: sqsnxﬂelmd'lmﬁ VNN Tt andeRAghaf-DY

tak|ngthes t e t he J.egst i f tb

(058 %ot "tho HREh, | MEnEE U g Undd HAGR By WIS SRS TR ESHBk ke

be equi vaI entinversipyaf ﬂﬁﬂ{ﬁtﬁ isampian dn sache channalSBsbpasti oft he
- .the diqital mixing process, a first I data word. I(t) is the

, -result -of digitization of an: analog value i(t)+dc where de
15. 1is any analog DC bias.p:oaont.__&ftor one-. half cycle, the
: next I:data sample is, before inworsion._-l(t+T/2). which is
 the diqitization of an analog input of -i(t*T/2)+dc.
Inversion of tho sacond sample means that to data word
I(t+T/2) is the digitization of the"analog value
20,'_i(t+T/2)-dc. only the- polarity of tho DC bias term changes.
By summing both quantities, the DC bias data is effectively
removed and cancelled. : oo :
In actual implementation of the hardware for
_ averaqing a pair of n-bit twe' s-complement numbers, for
_ 25 quadraturo correction and/or DC removal, we have found that
: averaginq by taking the sum of two samples and truncatinq
_the loast-aiqniticant-bit (LSB) of the resulting (n+l)-bit
data wvord . (whoro truncation ‘is intondod to: be equivalent to
~ .a division-by-2), introduces a one-half LSB bias in the
30  negative. sums.;so that the: transfor charactoristic of: tho
' avo:agor is not symmotrical and results in evon harmonics at
the. domodulator.output. Wo.hsvo_found that a proper
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30 negative sums, so that the transfer characteri st i is
. not symmetrical and results in even harnonics at cht ::Igmc)n(c:lult e ?verag(li{ v
E h_aye found t-hat a proper -12- RD- 18, 590 symmetri cal respo%@"fﬂ% '
averager is provided by adding the quantity 1 to each negative sum prtor
to truncation. Referring nowto Figure 3, our present ly preferred

enbodi ment of conplex digital sanpling converter 20 utilizes 5 an ADC
means 60 with a maxinumsanpling rate of 20 MHz., for use with a 16 VHz
sampling clock C, -as required, for an anal og input AIN signal at a IF -

f
o oo mebEtif o BB prafais”th! pravide by sains
while 10 all ththetqgeantity ik fa?eeq mﬁaﬁ&!&rdl”r g?T rﬁr}on%g@yv
circuitry of the 74/74LS segég&r{l;{g Sidwio RilgureABC bas preaehtlyrprewred

o provi deaa nlembputaestof] @%ﬁ%ﬁﬂ*ﬁ%ﬁh%%ﬁn%eeg{@‘#“ﬁ"”‘"‘*‘*“*’“’
glzgnal is 15 s subatapl:lneixysrwmmmxilm Pemplingh rpkesof ¢ :sﬂgﬁlsang
a, conprising a fé; Pgegtigm r@&g g FAdX ¢, Cagaequicedb2boriana

‘second section of %P ¢ _and capaci t

i nput i npedance oknakegabupuh AL Ir%é)i gidl Olfgwr alt ?%gﬂﬁhpﬁgggﬁg&e%
_geans nost- 20  ghggni leaaén@ei'tém rhitmilmdmime@lﬁaﬁggiFHefeﬂset-

i nary data output for he ,s roRRRRIERh
format. The two' sME&3RS ”g g ?ﬁ??g%é ﬁ?%btaln H i le

clock CLK pulige oamushalpthertbh%karatq o ﬁg@sﬁgpgiggt 1
latch means 66, 25 5&3& Jot Eﬁ&cmﬁws §onmch il s partidularaADCnbes a

met 'hée‘tﬁ.hgfjt ;f)mr%e%iug\;@r fi3shcronkerier, caafde ‘dhelidie, Infprieidiod
reference qenetation circuitry, and provides a n=8 bit
: parallel data ocutput. The DC content of the input signal is
15 substantially reduced by utilizing a high pass filter means
| 62a, comprising a first section of resistor 62a and capaci-
tor 62b, in a second section of resistor 62¢ and capacitor
62d operating with the analog input impedance of the ADC.
A logic inverter 64 is utilized in the ADC means most-
20 significaut-bit (MSB) data line ‘D8, to change the offset-
' binary data output format of means 60 to the desired two's-
- complement format. 'The two's-complement formatted sample
__(obtained for each sampling clock CLK pulse on bus 21) is
temporarily captured and held in a first latch means 66,
\v; 25- having a latch stage for each of the n=8 data lines. The
: 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 signal C/4 which is the
30 system clock C reduced in frequency by a factor of four. '
~ The 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,inpludes n=8 exclusive-OR gates 40-1
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is inverted responsive to a clock sighal T4 which is the 30 system cl ock
C reduced in frequency by a factor of four. The divide-by-4 means 26 '
actual |y consists of the divide- by-two means 32 and a sgpsq@guesh

di vi de- by-two neans 26'. The digital mxer includes n=8 excl u3|ve OR gates
40-1 -13- RD- 18, 590 through 40-8 each having a first .input receiving an
[err] ated one of the eight parallel data bits of the digital word then at

m xer input 24a, and a second input, all connected in parallel to receive
the C 4 clock bit fromdivider 26'. 5 The output of each of XOR gates 40

IS terrporarl Iatch n an a somat ed b|t of . | atch neans 42, respoisive
to an appro 3&%‘[ Sdrss dnpuy receivipg: an: apsieert

t he i ncomi ngatew mcmmlmemqhmmranqaamw bithi bfatHer dﬂeﬂaal%oi-dand

44- 2 t A’ t from rrean
42, ag:agalrjlln Ja'? ea\%ﬂﬁp%ﬁassom atgméI T’%%ug?diggfl? ?‘3 di §° Pﬁﬁ‘éf‘ >
appear at e Rﬁrﬂmja%(ﬂw%%&}@r clpck bit Gapmydiiniflerrgérnput of
adder memins Ti{e Joutspweaﬂ Qch YLOXOR igaties he aut E%p&i»a@ii?egategégsiﬁﬁ

as | at ched |n the he. 15 erly.inver
two' s- conpl €t ?Pﬁlirfw’g‘g 30‘:5“:{'0 SBQRPE“H"t ke 8%summati on
[err] out pmpprﬁpcim adgai D¢ Lheamystach cmeb)u c eeqpeﬂ.ar ity Gokgectly

' tal-m xer, t Ryt
LnO;(terzztgansOM&g t}ﬂcﬂmﬁui%@%ﬂ%@ %rmvar‘ means _5 r§e 3lgge§! %dé‘ié‘
sequenti al VRAGAE means &d-d pachidder? G&l‘a“ﬁ#ﬁézeﬁ‘@-‘-*r onet p€ theit al

m xer ool td@@eﬁ&wwm&ﬂf Trou 19280 fedilea 480" AppBaRiAgCaLbAYh st he

P B SRR E e, 10y, 1) Bevhd HBSA"hoeark S S "
cannot be- wﬂi@l‘deﬁ aﬂlqamscm‘itﬁesl Sadpputsso Thet LSBecarry-in C; input \j
of adder meens 44-1 is the lcgic eignal from the ‘output of
. divider: meene 26', ae latched in the type-D stage 46. The
'-15"”preper1y inverted n=8-bit two' e-ccmplement data eample. now '
- -at baseband, appears at the 8 summation ¢ outputs of adder
" means 44. and each bit is temporarily held in a mixer means .
" output’ letch 68, tc eppeer at the digital mixer output data
- port 24c. ' : -
20 i The DC’ offeet removal means 28" receives the
: sequential words, each of 8 ‘parallel date bits G8-G1, from
the digitel mixer and takes the averaqe of each sample data
' word then presently at the input with the second-previcus
data word; that is, if the present data word is a Q data .
25 wbrd,”the'1esté§revicue“date’wcrd}’heihq a I data word, .e{~;
cannot be included as part of the sample, so that the -
seccndstc-last data word (which is the next-previoue Q detai
wcrd) muet then be utilized._ Similar lcqic is required if
the preeent data wcrd is'an I data word. Therefors, two
30 inter-sample delays are required, ‘each reeponeive to a
' different one ‘of two consecutive clock C puleee. ‘These
”delaye are carried out-in a first delay latch means S52-1la
~ and a second delay latch means 52-1b. A nine-bit adder
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second-to-last data word (which is the next-previous Q data word) nust then
"be utilized. Simlar logic is required if the present data word is an |
data word. ‘Therefore, two 30 . inteer-sanple delays are requi RBt182580
responsive to a different one of two consecutive clock C pul ses. These

del ays are carried out in a first delay |atch neans 52-1a and a second

del ay | atch neans 52-1b. A nine-bit adder RD- 18, 590 neans 54 has a
different one of the 8 undel ayed data bits provided to each associ ated one
of the A inputs of first and second 4-bit adder neans 54-1a and 54-1Db,

ohi | @ U BB undpbaigdad®hasbhl ol eGhat PR P bald & Wyl aRta?ls 5

addi ti or&¥“ni nt h- DI t ad sign extensy o
ni ne-bit ‘sanpl e. R'-'Pi"ﬁéﬁﬁuﬁﬁeﬁéﬁhb?”%i%wt%%@ﬁjélhﬁyéd inpugs\ofdfirst and

prgw5 geclibt 0 e?ﬁht as&aaaaueﬂig gmi- “aﬂ*‘?‘ﬁ'?‘ AR 51f-1%ddghiu:lsggﬁe5ﬁs%ﬁe 5
an W |

10 i nput. of “ni n%dgﬁgang%aiﬁebﬁ{' Q)E?]% RERY: 3’% &%r{&e §Bﬁgt Pge
sanples (in eﬁthenddﬁtﬁhaalmniunhabttraﬁdu# stade S 1at; tthd sasjgnpexeension
out put of Iatche t t S % es
a?epgdded and tﬁrggﬁgggsh§e5h6§n§§%é? é“hﬁﬁﬁal\g‘; O?ﬂﬁﬁ%ﬁ%&%@géﬁggdgﬁ Bht 15
the tenporary sum %?’i"?ﬁgflgﬁﬁé S‘ Y@éﬂtﬁf@ﬁ%"nﬁ%% BeSPF E§P9 B
descri bed asymmet ipputTag theuststggcauaﬁﬂadﬂetunethilsaaﬂﬂ umded4b1btwnzthy
STITLING the [ eSUbbunish Bl UM SGed! AL 4GP P obC BT ch STy
process - requitPes tnEut: 9f B%Bﬁka!%a%ri‘i'bkccalmbt &he qtstvatlns-ms dat a
val ues nust be addeasaeaewers J;: oamiar B &He Two %taf stbem;l‘ is

f
ermorany s v o ok A L g ke
25~ whi ch the syS2edbg| thas€ tworcdnsecutive tsinple aaluescarer 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 resﬁlting 9-bit sum
~ one digit rightwardly (so that the D1 LSB list is not used
_ in the resulting output sun) 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-
ly, the adjusted suﬁ must be formed with a bias correction.
. The sum adjustment feedback is provided by means 70-1, in
(o 25 which the system clock c_eignal is inverted by an inverter
“ means 70-la, to provide the clock signal to a type-D flip-
flop 70§1d, and also to one input of a 2-input AND gate
70-1c. The summed output D9 bit of ninth I stage S54-1c is
. 'coupled_to the data D input of flip-flop 7041b, and, when
. 30 -clocked, pfovidea the Q output'thereof,te the other input of
o gate 70-1c. The AND gate output forces the carry imput C,
of adder stage 54-la to.a low level when the clock C signal
ie high, so that during thn.first half of each clock cycle

-15-



neans 70-1a, to provide the clock signal ‘to a type-D flip- flop 70-1d, and

al so to one input of a 2-input AND gate 70-1c. The sunmed out put D9 bit of
ninth [err] stage 54-1c is coupled to the data D input %dop 70-1b, , —-
‘and, when 30 cl ocked, provides the Q output thereof to I(C)gf er input of
‘gate 70-1c. The AND gate output forces the carry input [err] of adder stage
54-1a to a low |l evel when the clock C signal is high, so that during the
first half of each clock cycle -15- © the carry-in signal to the adders is

| ow and the sign of the tenporary sumis determned frombit DO.

Responsive to the falling edge of the clock C.signal =~ sign bit D9 il

. ~clocked i nt $he eprryopn7eignal tﬂethﬂveﬂdedsciOCM|mIMtsiQrEﬁ*“meot her

Sutpa: & hr 2“‘“"“"“"?' LR Gersrilngy Chon P00 TS T RS Iod e C
_ S _
pr oper Ieve;iglil%' Prggl FlgFf cgocg 3£?Xti %@‘ iR1%09 i 1% Fieskedidi ng -
" toget her - thdnp:oei&ﬁp-d’aop Vaﬁnandmeeinmm@revoau&miﬁs et that --
10 thegsi a dgbe Iy | ock
oxtler, A" JiK6" Inpis, BbF) A1 b 1603 104 0 B 0 plpdelital 0T,

cycle Iatches t 2
adder stag@mﬂeGBBS lipesfioppQtovtry e%?%%t%t%tﬁt%@@’%rﬁﬁ he

out put ?f dt karky &ap n&ebﬂywedmeritﬁbeﬁlﬁ%i&p&ﬁzfﬁem cdhnwt d, fﬂhﬁ: ft 'd
-correcte ec um ga ~al | e

one b hakg R, ang RERCH; pPRTeciR bR Plagdl F6F SHatng FHES N

out put bi t peelspntaddtagnemngndhthmltuice-prlevtmls /d}twrtmmsﬂﬁ: each

bi t 'SJ}? 'b& 'Bf.p 1d! béh I:Rntﬁé &é?:ﬂﬁed”p%&%w&h%ﬁé Feh 20

nmeans I.atch. neans, .72-2 I rst. I nverter./4a EFOVIdeS a

hal f - frequeﬁ@? ﬁ&?gl‘l S&’EIEGléFMVeFB?n?"%ﬁ% cthstRe (fd 1% to be
ITat ched in drivie thanear2ylinputascs thei addergstide; emicaudb mruimpmert\y

74b-provi de%zathg 4:%&21-&-&!:%%15&8&88”&5 %Sﬁété@&mt Vd$ *Eﬁi‘%héd-”g'
delayed-data latohee $2-1b have not changed, the -corrected
" 15 sum is formed. The 9-bits of correotedseum data are shifted
" one bit rightwardly by hardwirinq each'blt Dj {for 25559) as
the outpnt bit Dj 1 and ignoring the D1 blt.
In the 1/Q sorter means 30, each’ bit is now
'applied in parallel to the like-bit-input of both a Q latch _
20 means 72-l and anI latch means 72-2. A first inverter 74a  --
7 provides a half-frequenoy not-clock (C/Z) waveform, which '
 ‘causes the Q samplee to be latched in latch means 72=1 at
eaoh rising edqe thereof. A second inverter 74b provides &
(o4 /2 half-olock £requency pulee strean, with- the rising- :
28 edges thereof being provided_to the enabling inpnt of latch ﬂ\‘/
" means 72-2 with the’ proper timinq ‘to latch the I ‘data words
therein. Thus, the alternatinq rieing‘eaqes on the C/2 and
c'/2 slgnalo cauee the offeet-oompeneated eingle data etrean
"to be separated into its I and-Q componente, whioh are
" 30 simultaneonely made available, as naa-hit-parallel data
" words. The Q quadrature-phaae data word, o£-b1te Q8- Q 1,
appeare at the output of Iatohes 72-1, while the =8-hit I
"in-phaee data word, of data bits I 48-1,1, appears at the
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25 , edges thereof being provided-to the enabling input of |atch nmeans 72-2
with the proper timng to latch the | data words therein. ThU}Dt{he

al ternating rising edges on the 2 and C/2 signals cause the 590

of f set-conpensated single data streamto be separated into its | and--Q
conponents, which are 30 si mul taneously nmde avail abl e, as n=8 .
bit-parallel data - words. The Q quadrature-phase data word, of-bits
[err], appears at the output of latches 72-1, while the n=8- bi t [err]

I n- phase data word, of data bits [err], appears at the RD- 18, 590 out put
of Iatch‘és 72-2. amﬁutiam JavctRsa72-2i. MiBbgRcQaAtA Ywords lad® diifultaneously

dr at Giee ect 4. correction nea 34 corrects t he
glrjfo;al nt rogagred b%/ e no%%d%gﬁg&g%&t §P§”§§ﬁ§?ﬁ‘n‘§°ﬁ%2§%‘s| ng 5 g
doi ng an additional averagi Qyagratureqcodrectionphesns 34 r#oma:sstﬁmmrrar
The [err] "data Iamofa@téw e aemkaaaﬁrwddém&%pi&g? P singe

i nterval s time | a -2 réceiving
hal f - cl oc%< f re%uerﬁg/ %M ‘9&%}"21 P"S"EFBEQ ?ﬁtE’I‘P mmwrwhaﬁet R

averager in the DQAdita smmal mna dadtadisi dglapedf fo5ionel sanigle Patliod

of the actual ¢lo t e

circuit 70-2 actscﬁ' on t éun:%%t ata b‘EF)nB, gn?gg@hgwg%ﬁmgne%nlséy;iaf@h
to determ ne whet H't#a‘tﬁ S%o2 mecedyings theghalfeclorknixequensy aiorkauiges
high | ogic |evel, cs'l/z:atla clioak 1aeer£pbemﬁhtL OOAS§ i® uwdivealﬁnt qrﬂ)%bc

d | I
The fi st -add nesedlsl’saagy, ey Hd1se BHE £iFpt Faff il dydiacds,
period. Wien the petal dlock (Mrd.aﬂbeoﬁé/zaqbbektlelaymquq-w cﬂe&re
added to formthe &d%ﬂixi ciQ-cuﬂU?beh aéthhﬁ tehd RindARled I D*Y £k a

P G at or o, ¥l Sae oo Earicm%pd&sﬂféi‘%%zﬁu?%#éf% TRk her b 1s

.and S prOV|ded atneyative i(wdthi datat bit D'9 being a high logic level, since

15 two's-complement logic 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 half of the
clock (C'/2) time period. When the present Qs word and
one-sample-delayed Qs word are added to form the 9-digit

20 number at the output of adder means 54, the LSB bit D'l is
discarded and a divide-by-to operation 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 Q8-Ql of the quadrature-phase Q

25 data word at converter outpdi.ZOc-z. As the sorted in-phase
Is data word was available at the same time as the sorted
quadrature-phase Qs data word, the same interval of delay
must be provided therefore in a delay means 52, utilizing
delay latches 52-3a and 52-3b, and with a final oﬁtput latch

30 means 74-2, holding the delay-compensated sorted in-phase a
data I word of bits I8-I1 at output 34c, which is converter
output 20c-1.



output 34d as the 8 bits @B-Ql of the ‘quadiat ar e-phase Q 25 data word at
converter output 20c-2. As the sorted in-phase [err] data word was -
avai |l abl e at- the sane tinme as the sorted quadrature-phasgp<4¥g,/deglata word,
the sane interval of delay must be provided therefore in a delay neans’ 52,
utilizing delay |atches 52-3a and 52-3b, and with a final output latch 30
-means- 74-2, hol ding the del ay-conpensated sorted in-phase data | word of
bits 18-11 at output 34c, which is converter output 20c-1. -17-- -
RD- 18, 590 Wi | e one pr esently pr ef erred errbodr ment of our conpl ex dr gital - -
sanpl i ng converter ewth a dr crr nat o a 1f“al _
. denpdul ator, has been%éfgse?fbgﬁ‘f ‘ﬂ]e%qu zﬁ"ﬁr and
vari ations Gcmphxl dhvi\tbbcsmhMreclwtmtwstns hisé ed.tm i R gital The '
i nvention i Ot fe‘cf. necific
details andarj'%gfiﬁingﬁteo?r %‘r‘eg esen her eln- %’ycﬁﬁg explana i on of one
embodi nent ..S¢¥ efailoherein,many modifisationgiand vaniations .
convert 8r,’ Willpmow (b&qpm@patentlgosmeaskﬂmieduihuthﬁ @e1S dhe

oo phese | (ol ohatge 6o 8 o' Ralin' a0l i

ADC means fmhecam:kﬁicg de’m.blﬂligdltnstgmentaiitmgsapresemd‘ requency
lerr], to apsl eqﬁnw ﬂxléglemﬁ’hm%ftahgneﬁboamml ing frequency
ia

[err]. substant
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to'[err]; digital mixer means for convefting the digital data sanple stream
to a stream of baseband digital data words; sorter neans ‘for separating
interl eaved:alternat- ing ones.of the baseband data word strRDA18)$90
sequential sorted pairs of an in-phase | data word and a quadrature- phase .
[err] data word; and nmeans for conpensating the sorted pairs of data words
for any quadrature m salignnent effects, to provide the output data '
streans. 2. The converter of claim1, wherein the com pensating neans
conprises neans for averaging the values of each pair of consecutive
quadratgkg phasesgéékbp?ata words. 3. The converter of claim2, wherein the
aver ag- g nean ses: means for summing the data val ues of each pair
of consecutive [err] data dords;complexdigital sampling sgnveetenimer dat a
val ues by a factai-ooidme babétadenffy NAatleotls Sutplt3stilangi det he
summ ng nmeans. co n cau5|n each palr of consecut1ve data
words to be sinu ﬁﬁ%l gﬁ A3tasWArARgte R pair

of si nul t aneousl ﬂiqﬂtala&medmn m ot a E}ql&aﬁ%m'&duibeowﬁleéiein@fan

claim4, wherein a neans for del aying each of the
quadrature--phas%th?g]fgaggg&gf > interval equal -to the period
bet ween two.successive [eré?ccnaap cqaventénsbmmgraanloc {Fashonal,
wherei n the mul't hayPhyi 8caPRlér ;mﬁnsi:foora rs%%&hnsztafgnu ‘data

| east - S|gn|f|- cant - t of t he su | ue word anaﬁgor S ii t he
remai ni ng bits r PP Faken ahA lﬁ’t‘”‘%@éﬁ quency, £ . sHparanEl 8 8|%°m1

2, V\/nerej n the ctm4£‘
digital mixer means for converting the diqital
Q_N~j  data sample stream to a stream of baseband digital data
_ words; | | | |
- ‘sorter means for separating interleaved alternat-
ing ohes of the baseband data word stream into sequential
' sorted pairs of an in-phase I data word and a quadrature-
o phasc Q. data word; and
. ) means for compensating the sorted pairs of data
words for any quadrature nisalignment effects, to provide
the output data streams.
C : 2. The converter of claim 1, wherein the com-
pensating means comprises means for averaging the values of
" ..each pair of consecutive quadrature-phase Q data words.
' 3. The converter of claim 2, wherein the averag-
ing means comprises. means for summinq the data values of
each Ppair of consecutive Q data words; and means for
'“'multiplyinq the summed data values by a factor of one-half.
) 4. The converter Qf claim 3, vherein the summing
means comprises- means for causinq each pair of consecutive
data words to be simultaneously available; and adder means
" for summinq the pair of simultanecusly available data
words.
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pensati ng neans further'conprises mearls for del ayi ng each of the in-phase ,

[err] data words by a tinme interval substantially equal to a tine interva

by which e
averagi ng

ach of - the quadrature- phase [err] data words_is_delayed in

means. 8. The converter of claim7, wherein tR2-d8pSP8N- tially

t he

equal delays of each of the data words is establlshed by an integer nunber
of cycles of a converter clock signal. 9. The converter of cIa|n18 wher ei n
the convert- er clock signal is at the sanpling frequency [err].. - The
converter of claim1l, further conprising means for renoving any undeglred
effects in the sorted data word pair due to a DC bias in. the input ang og
signal. 11. The con\Sertélheofcodwrme‘rOpr\/@a.raﬁ.mllt heheirésnr eneViagsIrgls

i ncl udes: NRdid Qf e each_pai -
consecuti v s UnX ra%h&gﬁ&ggtggc# %5ﬁ%ggugpegrature-

quadr at ur e

dat a wor ds hmmvemran@edwc&e&saw 9| Baicat @olraaved stream of the form

data word RI¥iRgG weans Wwncludeshmeans Eophaeao&ina €hphleastngignisian

i nteger, u
at said re

- RD-18, 590

claim12,
| east - sig
renaining

"tially egual delays of each of the data words is estahlished

e .in- hase ta mor .and eac
Hﬂ‘?a%% Tho Mo 819! ?hé’ism\i@meewadf egualntelthehperiodt he

means

| 1-Ql-12-Q2-. err. ere i - i nt and: the averagln
i ncl udes: neans £or #%ceF¥ﬂ53°Pﬁ3r §F|8Fn§ﬁgggn§ ‘Wbgreiporhacraltiy each

Garke 112 o end bamiBealtd Vhadl L7y SRRCCLLYGRDIRRSS | Ml oSOt

ceivi.n surm ng
\ﬁﬁﬂ?ﬁﬁ*&ghgaF’dgESEﬁHPHdGV PHéP“ﬁhRi& P&Hétﬁeans for multi-
pl yi ng the sumed dafa vZThecsohyeztbsCbdr c@hiang, hehkreis. ti@ec&goverter of

BepleRichris Rellin' eflrthlf ERARE) R4S, KARRGTFRC Aalhut ST oaeH 0F | ne

Pr@ﬁ?ﬁ&rdgydbyaowerGBtbwosltimﬁoﬁnterval substantially -

equal to a time interval by which each of the quadrature-g

'phase Q data words is delayed in the averaging means.

'r8, The converter of claim 7, wherein the ‘substan-

'j"by an integer number of cycles of a converter clock signal.
9. The converter of claim 8 wherein the convert- .

er clock signal is at’ the sampling frequency E <

"10L "The converter of claim 1, further comprising

means for removing any undesired effects in the sorted data

"word pair due to a DC bias in’ the input analog signal.

:113 The converter of claim 10, _wherein the bias
removing means includes means for separately averaging the

vahxascf emﬂxpair«of<xxmﬁcutive fnﬂﬂmse dabavxmds amdexxﬂxpair

of omuﬁannﬂxe quadnﬂuuxrphase data‘wnﬂs

12L The converter of claim 11 wherein the data

words are arranged in a serially-interleaved stream, of the:'

‘form: Il-Ql-Iz-Qz-...-Ii-Qi ...;_where i is an integer, and

" the averaging means includes. means for receivzng the serial:

streams. means for delaying each data word w ,.where W is

éither an I phase or a Q phase ‘and n is an inuxﬁm' untiltme next
dbta‘wondvvuuﬂJ of the respective phase is present at said
receiving means; means ﬂn:smmmng'ﬂmadehqed<k¢a

-20-.
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14. The converter of claim 13, wherein the averagi ng neans includes neans
for adding a data value of 1 to a tenporary sumof the data if_the
tenporary sum has a negative sign. 15. A conplex digital sarrplm?‘\'g}'8 590
converter, for provi di ng substantially sinultaneous output streans of

I n- phase I data and quadrat ure-phase Q data words to a digital detector
nmeans of a digital denodul ator receiving an analog I F signal, conprising:
ADC neans for converting the analog IF signal, having a carrier frequency
[err], to a streamof digital data sanples taken at a sanpling frequency

[err] suBstantial lyomiitaald thexd] dath wdirdi bel tﬁhﬁ%hﬂ?@ﬁsaﬁd”mé‘d}{w@ﬂ’dﬂ Ak 1R e
digttal TMe¥a sanpl tQ. a str n1ofF?ase 1tal-

sorter means.for ?M% il Y ?n %?‘n%’é ‘?’H’e band
data word streaminto sequerlt&-al Iberlconve:ter of ahaim msdzémim] et a
word and a quadr at d;

_ g wm&fyggﬁ éﬁ’ ns .d.%iug% me “:?e%éc’hbﬁé “ﬁi’é rl%aad%l

undesired effects In t a-word palr

i nput _anal og si gnatiomEicans-Ri%, of; &P%F“EP&#M’ES‘ %H%l‘fP’E‘hea*}ﬂ &or
removi ng neans i ncshxm“am remainingabiy 2YGhOQArdly I8y -dHe bit posi-
RD- 18, 590 val ues q@io ch pair of consecutive in-phase data words and each
pair of consecutive gﬁadrature phase data words. 17. The converter of

cl ai m 16, wherein the data Wd-ds Thecconvergers ¢f elaimild, wherein &had

stream of the forgjd ‘ﬁu&i fredfs incllbies means £8\Pe£&din¢5a€liht£‘t\ﬁﬂ(ife ond

the averaglng neans-'i“%emporergggag L rt£ECSe¥eng£t eeS€£$p$rary sum has a
negative sign.

15. A complex digital sampling converter, for
previding ‘substantially simultaneous ocutput streams of
in-phase I data and quadrature-phase Q data words to a
digital detector means of a digital demodulator receiving an
analog IF signal; comprising:

o ' " ADC means for converting the .analog IF signal,
having a carrier freqnency E . to a stream of digital data
samplee taken at a sampling £requency E substantially equal
to 4? _ '

digital mixer means for converting the digital
data sample stream to a stream of baseband digital data
worde, _

sorter means for eeperating interleaved alternat-

'ing ones of the baeeband data word stream into sequential
sorted pairs of an in-phase Is data word and a gquadrature-
pheee Q data word; and

means for removing any undesired effects in the
sorted data word pair due to a Dc bias in the input analog
signal. , .

16. The converter of claim 15, wherein the biee
removinq means includes means for separately averaging the

«21-
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streams; means for del aying each datd word [err]

phase or

the respective phase is present at said receiving ne ; f or
t he del ayed data word and next data word of that phaggs‘ﬁﬁggﬂéa

mul ti- plying the suimmed data val ues by a.factor of one-half.
converter of claim 17, wherein the nultiplying neans includes neans for

a Q phase and n is an integer, u

, Where Wis either

ntil the next data word V(n+1) of

sumi ng
ns for
18.

renmovi ng the | east-. S|gn|f|cant bit of the sunmed data val ue word and for
shifting the remaining bits rightwardly by one bit posi- tion. 19.

converter of claim18, wherein-the averagi ng.nmeans ‘i ncl udes neans for’

addi ng avédues'afueach pair oft eonseau):ivarmﬁf-phhnddieal %ﬁdﬁeaﬁ&ﬁp\orary

sum has

subst ant ra eg’g%i' %e%&%br eqa% ’Q=-

and 3A- 3C of the aéﬂenp&hylﬁgnUﬂaﬁPnggf-czgim 16, wherein the data
_words are arranged in a serially-interleaved stream, of the

_form Il-Ql- Z-QZ-...-Ii-Qi cees where i is an integer, and -
the averaging means includes: means for receiving the serial

either an I phase or.agQ phase and.n is an integer, until the next

PofadiBihe (o Figs. 2. 2

2, 2A-2C

streams, means for delaying each data word W n’ where W 1s

daﬁamnrdiﬂﬁud) aftme nanﬁctunapmase is ;nesau: at
 said receiving means; means for summing the delayed data

word and next data word o£ that phase, and means for multi-

plying the summed data values by a factor of one-half.
| '18;; The converter of ‘claim 17, wherein the
multiplying means includes means. for removing the. least-
significant-bit o£ the summed data value word and for
shifting the remaining bits rightwardly by one bit posi-

tion.

: ,lér' The converter of claim 18 wherein the
averaging means includes means for adding a data value of 1

it
i)

to a temporary sum of the data if the temporary sum has a
__negative sign.

20. A complex digital sampling converter

substantially as hereinhefore descrihed with reference to
Figs. 2, 2A-zc and 3A-3C of the accompanying drawings.
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