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Abstract: The pr r r x l p l e  of lrr-eqular- pha= d l s c r l m l ~ t n o n  f o r  cpt -  
tiny the r e l a t l v e  phae value conslsts of applying two s l g ~ l s  
wh~ct7 are of d i f f e r e n t  frequencies t o  a linear phas dl%rxmlnatt;or, 
WPmn t h e  f rac(uenc1es of the= two ~ ~ q n d l ~  are fA=A*C, f ~ = B x ,  w k r e  
C t.an be any  frequency, A and B are posltlve Integers wrthcut any  
c m ~ o n  d lv rsor .  Tm equivalent trE?C(Uency of the phas  discr- 
l r ~ ~ l r w t l o n  obtalwd I n  t h l s  way r s  f-A*B*c-C. T h e  advan taq3s  ot  the 
pt - lnc lp le  of phase d ~ ~ r l r n l m t r o n  are: low demand an tk psrtol-- 
nktrlue of  the squlpment, hlyh preclslon of the c q a r l m n  and tt;he 

I l e x ~ G ~ l x t y  ln the frequency used f o r  phase dl%xxmlnatlon, The 
pr ~ n c l p l e  wr l l  q e r - ~ ; r a l l y  be used l n  t b  cks lgn  of f r w e m y  stan- 
c,lcl12d5, for Frequency measur-anent and fo r  general and -la1 phase 
( t ~ i n c  ~nterval) colrparlsonF. 

The b ~ o  ph;?l= (;orpared s l q r ~ l : ;  m u s t  b v e  l c k n t i c a l  a v e r a g e s  xn t k  c o n v s n t l n m l  
p b z e  detection m t h o d .  Not  o n l y  does this m e t M  l x m l t  the frewency f r a n  
()I,LTT.I t11gt1tt?1-. but ~t r i l k ' . o  IUS SC)(IE 1-mn11rlcarlty I n  the ph?& &tec:tlon a t  W-, 
dncj hahZl. d dead L o r %  ~ t " o b L c n 1 1 .  

Ptlase ccxiparlson w l  t h  better precision ns u s u a l l y  required In f t - e l ~ s w y  and 
tirrs msasurmnts. It. 1s rat required that the &~solut;e f r e q m n c y  or prw= be 
measured, but o n l y  the r-elative values. A lot; of ana1-s and exper iments  tuve 
shown t h a t  ~t is n o t  neces5ar-y to r-equire that the t w o  pha% cmrparirw siymls 
I'kwe t h e    den tical freyuewy fur d t a i n i r q  t k  r - e l a t i v e  p k a  value, as lorrl,, as 
the l r -  f r e q u e n c i e s  agree w i t h  c , a n ~ ?  precision. A t y p i c a l  pha= compar ison device 
( ~ ~ i t h  J K  flip-floyd c t u r a c t e r - i s t i c s )  skown i n  Fig.  1 may kx u%d. The 
frecpencies of LIE t w o  i r $ ) u t ~  ar-e different. Ttw two freqlencies are: 

F.L#;J. 1 Typica l  Phase Conpar-lson B l w k  Dlagran~ 
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w h e r e  C: c an  Be any frequency ; H and €3 are intwral w w r s  w i t h o u t  any comnan 
d i v i s o r .  T h e  periods of the two s i g ~ l s  are, r w s c t i v e l y ,  

Thus. I n  1/C seconcjs, f~ cmple- A periods, whlla FB completes B perl-. 
W l  t h  every I / C  scotxh, there are always H perlds of fb conpared w i t h  B 
perlocls of fn I n  the ~ ~ i t c h l n g  pha% detector. T k  p u l s  wrdthc, of the SqLlare 
wdvc output frm the t c h l r ~  phase detector differ f rom a c h  other I n  every 
L/L  essonds since t h e  periodc, Th and TF, ar8 rather different. However, tk out-  
pt <;.yuare wives repeat eve ry  1 /C  C ~ o m h  p e r r o c l l c a l l y .  ThE! p u l s  width of WC~I 

c,quat-e wave a s  t k  as the am l/C C ~ ~ n c k  later) excspt fo r  t h e  phaw 
511 ~f tz CL~U'S~ by the f r-equency d l f  f erences betwen t t ~  two ~1911;31~ dnd for 
thel r  average values). 

The < w l t c . h l ~  ptu5~? detector 1s d c t l V a t E 3 d  by @I t P1 l~ r lw  S ~ Y M ~ S  of f~ and B 
t r  l T y x l r r j  slgrlals of f e  every 1/C hmca- (ca Flg. 1 and Frg. 2) .  Suppo= t h a t  
A x ,  L k n  t twre L ~ E ?  B square pulem ou tpu t  f rm ttw pham detector l n  1/C 
secgnds. T h e  widths of the B p u l s e s  d l f f e r  frm each o t b r  I n  a group, and all  
t tic p u l s e  wxdths of 0 strlrqs, with an interval of 1/C mconcts, c h a m  w l t h  t h e  
pha~x  va r la t~ons  of the two corrpared ~ n p u t  signals. 

Ecyi~at:ic.)nc; ( 1) and ( 2 )  repr-erxnt the s i t u a t i o n  w h e r e  f a  and f~ are coherent. If 
thev are independent of each o t t - ~ r ,  fp, is s iup ;Bd  to  be t k  r e f e r e m  signal, 
fh  ::A*C+ .f: (A+ f /C).*C. T h t  is, Tn=l/B*C, 'l'FI:l/(H-I+ f/C)*C. 

T t ~ n  all the p u l s  wldt,t-js of t k  R t r a i n  of squa re  waves vary with ttm periocl 
c.)f l j i :  (-c:unrJs, ar-id t h e  per id of every  C-guar-e ~ v s  1s TB . Haever, the w i d t h  
ot ttx outrx~t: c4are  pulse a n  only vary over the range 0 -TA due t o  f .  Along 
w i t h  t h i s  v a r l a t l o n  of phL3~e, the pulm w i d t h s  of 3 group of mar-e waves i n  
the train of 0 pule-, repeated each 1/C ~ c a & ,  w i l l  e i t k r  c o n t i r m a l l y  W- 
!:ome aruller" u n t l l  it. reai:t~?s zero, or l a r F r  u n t l l  i t  reaches TA.  Then tha 
p u l ? ~  w ~ d t h  jucnps; lt alter-nates b e t m n  O ancl TA (tk JUMP is betieen Ts and 
Tc, and TH at t k  0ppc)~ite cutput of the pham d e t e c t o r ) .  The a m  of all t k  
~ 1 ~ 1 t h  of  t t . ~  R w l ~ e s ,  which repeat every 1/C seconds, yuw when tk ~ 1 %  
width of m y  group junyx.  If f is c o n s t a n t ,  a l l  tkE? jump5 i n  the pul- widths 
o f  the t r -a ln  of B pulses k w r x n  s e q e n t i a l l y  i n  a cerbin direction. Beteen 
ever--y two juin(3s the vat-lat.ini-1 of the am of the pulse w l d t k  are ~ & n t ; i c a l  and 
equal t o  the junpir-iq value. W h e n  A>B, the pulse width jumping grwp i n  the 8 
ti--air] of pulses  ~4111 ,.;11mys Junp by an absolute va lue  of l/A*C ~9xomJs. T h t  
.i%-;, c:ert:ain pulse  grcwps, w b ; e  p r i d  is 1/C %corn jump because thei r  phas 
IUS &-if  t~:d l/A*C %~c;oI*~, since f is rot zero. T h s  output =mare ~ v e s  f ron~ 
tkk: phase detectot-  have been modified frorr~ each  a t k r  by the B train of p u l s e s ,  
~ h l c h  k w e  a rxx-~d of 1/1: Seconds. When f is a c o n s t a n t ,  t h e  p u l s  widths of 
t t ~  B t r a i n  c j f  pulse?; always e l  tkt- incream or decreas, and jump s e c y e n t i a l l y  
i.n a r x r - k ~ l n  dir-ection. Betweerl  every tw jumps of a pulse  g roup ,  the t;wo cml- 

par.ir~g s igna l s  b v e  tt.m r relative p l u s  shlf Led 1/H% =mndc,  bExau5e f jU ,  
. i r u j  i111 ott-ler R-1 .;,quare wave qmups in j sc tac l  into other ne ighbo rWs  b v a  
,.il."o tmd a p~11-SE: wldt,h ;~UIW. TPE pkce  5hif t, w k n  the pulw width of mch 
r-:.ylrst-,t+ wave gr oup )unps, 15 1derlt.lca1, as we l l  as t h e  opposite phase s h i f t  be- 
twi.:cr, sver-y t ~ >  .junp!;- Tlwn t k  equivalent frequency of the phs  camparlsun ic,: 



F i  9. 3 I.i;:vi:f; 1 . 1 1 1 ~  1) f i r rc l ;u l  hr p h a s e  dti t.oc t i u n  

TIE? mvef~rr-r~l.~, fif the d f (> r t=n le r~ t l o r  ~ e r a t i o ~ l  promdure are shown in Flg.2. 
Tnc curve f tr  15 1-(2*ier-er~ie ~ ~ g l l ~ l l  and V, 1s the output f ron t t ~  pha= detector 
(,?n r.xiah r..(w, ~ k w 1 r i t j  t.ti6 pt-1~35~ da t e c t i n g  o u t p ~ t  clut-iny a SIX-rt t i n l e  inter'va.1 a t  
a Gjlvsn ~nst,ar-lt. SLHIE: typloal ptuse detecting c u t p u t  waveforms as functions of 
t l ~ r ~ !  at-e slit-~ri L I  I t t ~  d1.t f e r e r ~ t  t'ows. 

k?t~. ,~~l~,c th.3 t t t:(ut.ncle; tot phse  detectlan dre d~fferent anal tt-s out;put pul* 
w ,,I- t h e  .:c.KJcrre WVP fro111 the p h a ~ ~  detector seem xrreylar-  at F z r s t  
t j l , ~ m x ,  1 t h:; bceri c al lcd " I I-recjc~lar p b s  detect ion" . T h e  ptu-;e variation o t  
Lt t ;  colrpdt ed .;lt_jn~ls 1s very precr.-ely amloglzed by t k  lave1 variat ion fr-or11 A 

Icw p,i-.'; f L 1 L e t  on t I lc pwbc & t ~ c  tor- w tpu t . 

S,ne ubr-,3ct,er-rstlc.- c3f tke: 1 1 - 1  ey la r -  p h =  dztactlon are as f o l l w :  

1. E~u~LLc~ I , I L  (1). ( 2 )  ~ind ( 5 )  stww that t h e  bit-r the values of A a n d  0 
(while C 1s 5;11a l  ler by mne CJE3gr-eel, the the h l g k r  the eyulvalent phdse 
dt? Lee tl WI f r-cc(uemy. 

I-crr- Lw rirn~tl f r-eq1enc.y _ ~q rw l s  wlth lcknt lcal  effective values, tlx? 
I ~ r ~ a r 1 t v  a r d  t h e  preclslan of tk pPa% cjetect lon m y  be ~mproved by 
fr-cyuency d a v ~ s l o n  before p l u s  cletectlon. Ikr-e can b c m n  'Ifactor 
Le tween  tiw dlvlsors of t , k  t.wo s lg ru l s ;  o t k r w ~ s e  the @qAlvaLen't 
f r eyclenc\j dnd tlx pt-el=rd;lun ot  t k  pha- clctectaon w ~ l l  be l w r e d  
p r  qxx-tlorwl t u  tte wmon ~ Z V L S Q I - .  

(7inrlp,1r~i-r) LIIV f u l l  perltwllcdl wt+utc., t t ~  volt,a~x zifrplltude fr-cxn the 
r 1 1 1  t ~ j ~ ? t k ~  t1c1r1 15 l e t  than that ft-an tk ~ c k n t l c ~ i l  
f r eyuency p h s  cktrctlon. 



T I  output wlze w r d t l 7  dces not c b n p  t o t a l l y  perlodlcally from the 
ph;l= detectot- I n  ~ r r w w l a r  pham d e t e c t r a n .  F u r t b r m o r e ,  on ly  one of tk.; 
B t ra l ix ,  junp5 &I-11x7 S. t u l l  ptms c%tectlw per~d, and 1 t . b  pulse  wldths 
of a l l  the other t rans at-e manwhlle gradually drz f t lng  alomj with the 
phase drlt-t, of the clxnparnm signals. Thus, From t k  pbse c l s t a ~ t o r  ITE& 

cjf = k ~ l t c h ~ w l  c o r r p c r r ~ n t ? ~ ,  thE, c u t p u t  e q ~ l v a l e r l t ,  pha= detectrng voltilge LI) 

a tull perloci o l  ~ r r -eg la r -  p k s e  d e t e c t l v n  1s: 

where f 1 t b  equivalent ptu= cleteotlon f  recluemy; Vm is t t ~  output 
phase c k t e c t l n q  voltage i n  a f u l l  period of the i d e n t i c a l  f r e q e m y  pha.3 
cktectian, w t n ~ h  .LS &out t.he voltaqe of the powat- w p p l y  i f  the s t u r a -  
t l o n  v o l t a g e  of the 9itching phase detectof- ard the a t t e m r a t r o n  of the 
f 11 Ler- are i<jlmred. 

5. l'k linearity of irreglar- phase cktechun is much better- than t h t  of 
the l d e n t a c a l  f r ~ q i ~ e r ~ c ; y  phas &t.wt,lc?n, AS shown i n  F i g ,  2 ,  s i r =  fA#fE; 
I n  the case of r r r w ~ l a r  pha= detection, only one s f  t k  twa ext.retrle 
sl t u a t i o n s  of the ck.~tv f ac to r  (1 and 0 )  can exist i n  the output. of' tre 
phaze detector. C h r q  the injected pulse groups of t h e  8 t r a l n s ,  wlwn t-,he 
cklty factor of o w  train is 1 or 0 ,  al l  the other 8-1 t ra ins are sl tuatod 
between ttw p w ~ i b l f :  rnaxlrrurn zinc71 rninznum of the ck1t.y fac;t,ar. Non l imar i t y  
w i  I. 1 not be c3au~;~3d by the 1 mi ted FMI t c h i r q  speed of t k  p b ~ e  detector ,, 
The phxe *tect:.ir~q outp(.~t., af. te r  f i 1 t;erl.n-7, i5 equal to tk average D. I:. 
vo1t;aqe of the square waves. Nunl i r -ear i ty  lws men reduced c o n s i d e r a b l y  
since a possible nonlinear- case has Wen averaged by B-J, norlnally l l m r  
~ ~ 5 .  By rr~:rea5irq the values of B atxi A ,  the p k s e  d e t e c t i n g  non- 
l j  mat-it.y c a n  be ~rript-ovc?d while the w i v a l e n t .  frequemy of phase detec:- 
Lion s tay5  cvwtant;. T h e  Urn carparing signals can be divided . by large 
r m r r e r s  (wi t k ~ ~ t -  ~- :C ) IT~K)~  divi~ot-S) txfot-e pt1~3z.e detection to Irrprove ttw 
I . l r ~ a r * i  Ly; howver, ~t will r e d c z  the c u t p u t  voltage (3f  the p b s e  &tec:-- 
t l on  I n  a f u l l  ~ e r l o c l .  

For ~ d e n t l c a l  f requamv pha- &tectlan at 5 MHz, t t ~  F!d al7d F~~-I(XJS 

nonlinear- zor-vs, are abacrt 15% of a phase detectznq p r l o d .  For ~ r r e q u l ~ r -  
phaw 21E?L=t 30n at a n  eq i~ lva len t  f r e q a n c y  of 50 MHz, uslm a simllat- 
pb=: detector-, tlw &MI-17~1 zom 15 % ~ 1 1 e r  than 1% ~f H and R are 
p r o p e r l y  chozen.  

I17 irr6wlar phas d e t e c t i o n ,  t k  period of tb w w t  m a r e  WVB 

fr-an the phase detector- is equal to t h a t  of t k  signal, which has a la*~et- 
f requerw, d the t-an- of t h e  puke  width v a r i a t i o n  is equal t o  the 
period of the signal which hds a h i g h e r  frequency. The psriod of ths wt- 
put  square: wave grrwps is equal to the reclprmal of the calmon factor C 
in fe=A*C and fe=B*,C; therefore, 1/C correeqxmb to the uppw limit of 
L k  resporxlinq speed of tk pham cktector. 

T t  pPciw d e t s t o r  &si.gtwd for  the rreacwrement of atomic frec(uency 5 taWr-h  



usirq irrecjular phase cktectian  nay get a similar r-lt to that of tk identi- 
cal freqency pham detector a t  100 Wz, but it works a t  a lower frequency. T k a  
precision of i rreyular pham detection can be as h i g h  as 3.5*10-ls/day snd 
l*,l0-13/hcur, yet t t ~  equipment is k e p t  srrrple. 

It lc; a cmwrlon s~ tuation I n  radro elec:tronlcc, tbt  t w o  S ~ ~ J M ~ S  with cl i f  fet-ent 
f r ecyuencles nced to  be phase ccwared. ther'e 1s graat d ~ f f  ~ c u l t y  turr-1- 

~ 1 1 c - j  them l n to  ~den t l ca l  frec(uenc~es, but lrrecJular pb;e  d e t e c t i o n  a n  sirrplify 
the complicated clrcul t5 zr7 th ls s ~ t u a t i o n  and avsld addlt loml nalLse. 

This r-Rw pr-lnclple of pW;e ccx~par-lson lnily be w l c k l y  used l n  h a  l ~ k l r ~ j  
Lechnxwes, ln t k  design of n e w  frequency standards, f requemy mneasurwwnt , 
.liutomdtlc control .r;yc,tecrls, and f o r  yewral am( ~ c l a l  pkse mIpar lwn.  H ~ q t w -  
pr-ooislan (ray be ~ c ~ ~ E V U C ~  U S ~ ~ J  ~ l n p l i f l e d  smtms. 




