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OF POOR QUALITY

The Svstem Design of a Rubidium Maser Frequency Standard

Cheng-Xxi *iong
Eeisjing Institute of Rad:o
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Eeiiing, China

ABSTRACT

The Rubiidium Macer Frequenc+ =standard 12 a preci-
si1on +requencvy source with excellent short—-term stabl-
rtv., A type PBR-I]1 Rb maser frequenc standard haz been
developed by the Be)yiing Institute ot Radio Metrolagw
and Measurement “BIRMM). The time-domain frequency
stability Ltwo-zample wvarjance?, of thie freguencw
standard 1g less than 1.S5:18° 13771  sor a=1omeo1.0s,
'fh=1 A kHz.

%z

é Twe PBR-11 frequenc» ztandards have been used acz
reference frequenc, sources I1n a frequencry stabilitw
measurement srvstem,

In this paper some 1mportant z.z=tem characterisz-—
tics for the PBR-II Eb maser frequenc~ standard such as i
phase motee and frequency stability transfer character- )
1sticz will be discussed. Furthermmcre, the following
topics will be 1ncluded as well: ‘

N T R TP A G

1. Dezian of the <freauency zstandard for optimum
frequency stability of the .utput signal,

2. The rLhoice of a YCKO for ihe frequencv z=tandard.
2. The desian of the phase-locked 1oop.

The reguency stability test rezults on the PBR-11
show the achierement of the =vstem design goalse gilven
above.

INTRCOUICTION )

; The Rubidium maser is an active atomic frequenc: standard. One of
: its characteristics is that of wverv qood short-term stability. In
atomic frequency standardes, the Rubidium maser frequency c<tandard
has the best frequencw stability for asveraging times between
milliseconds and seconds. Thus, the Rubidium maser 15 & precision
frequency source which can be wused 1n freguency stability
measurement sycstems.

Thie paper presente the desiagn considerations for th: FBR-1]
rubidium maser frequency standare” developed bv the Be.Jing
Institute of Radio Metrology and reasurement (BIRMM). The main
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problem that will be discussed is the frequency stabilitryr of the
output <i1gnal of the rubidium maser frequency standard. UWe will
first discuss the bas:c design equations of the frequency
standard svstem and give a description of different phase noise
spectral densities occurring in these components so that the
relatiorship between the phase-noise and the +requenc» stability
of the output sianal of the frequency standard can be determined.
ke then discuss the optimication of the design of the low-noize
receiver, the VYC>0 and the phase-locked loop that are used 1n the
FER-II. Finally we present thz methods uced and the experimental
resuits for measuring residual frequency instability of the
phase-locked receiver, The decign values and the experimental
values are 1n basic agreement., demonstrating the validity of the
design considerations. A description of the time—-domain frequency
stabiti1*v of the complete PBR-I1 frequency standard and of the
Rubidium ma<er are gilven.

The Rb maser and the transfer of '1ts frequencwv =ztability ta an
output si1gnal have been discusced extencively {1 through 16X, The
development of the Rb maser freauency standard began 1n the BIRMM
in 19271. An earlier model of the Rb maser +frequency =tandard
which 1as developed by the Wuhan Institute of Fhvzics «nd EBIRMM
has been dezcrit..d betore {18:. The PBR-II Rb maser +requenc-
etandard gpresented in thic paper 15 2 new model. IIts frequencyw
stabilitvy 15 now 1.5x1@0-13v~1 sqr averaaing times between milli-
seconds and seconds, and exhibits better ocperational reliab:ii .t
than the earlier model.

BASIC SYSTEM DESIGN PRINCIFLES

The csvetem de=zigan for the PBR-]I wacs directed toward the achieve-
ment of optimum =rstem performance 3and gives requirements on the
variouse componente of the svstem.

1. General Description of the Rb Maser Frequenc» Standard

The Rubidium maser frequency standard, like cther maser atomic
frequeicy standards, consists of 3 Rb maser and 2 phase-locked
receiver, as shown 1n Figure 1. The Rb mazer 1 a frequency
source with excellent frequency stabilitvy, The operating
frequency, vV, of the maser 1¢ 6834 MHz and i1ts power output is on
the order of 187!® W, The phase-locked receiver shown in Figure 2
plars a maior role in the transfer of the frequencv stability to
the output zignal, conversion to a standard freq.encv and in-—
crease in tte power level. A t¥ypircal esvstem of the Rb maser
frequency standard with the relevant components and theirs contri-
butions are shown in Figure 3. The preamplitier shown 1n Fiqure 2
ts not wu-zd in the PBR-I1 Rb maser frequencv standard. It ¢
ynctude? .n the diagram for the purponse of analysis and
somparison.,

Tz wvoltage controlled crvstal oscillator (WJCXQ) hase a3 mean
outout frequency V,a phase cspectral densi ty 500 in the locked
case and a tuning sensitivity K, expressed in radianz/volt~
second. Its +frequency 15 multiplied by an integer M to vield a
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signal with frequency V gy close to the maser frequency. The
phase noise contribution of the multiplier referred to the input
frequency is given by Sy, (f). The microwave mixer 1s fed by the
amplified maser signal (or the maser siqnal) and the +frequency
multiplied WVCXO signa! to vield an intermediate frequency (IF)
signal with a frequency Vigy much smaller than VM. The ¢
contains both the phase instability of the maser and of the
multiplied VCX0. The UCXO siqgnal is also the reference of a
frequency of a synthesizer which vields an output frequercy V¥ g3
equal to V¥ir>. The maser frequency. and consequently, the
intermediate frequency Vir and the UCXO frequency are not related
by a simple rational number. The frequency synthesizer acts as a

third fractional multiplication factor M3. The frequency
synthesizer also exhibits its own phase noise, but since the
myltiplication +factor 1s so small it can be neqlected when

compared to the phase noise added by the first multiplier. The
signals with frequencies Vipo and v g3 feed the phase detector
having a phase sensitivity Ky expressed 1n vaoltssradian. That
part of the recetver comprising the multiplier synthesizer,
mixer, IF amplifier and phase detector ic designated as the down
converter.

The low~-frequenc» output <signal of the phase detector i1z a
measure of the phase error between the signals at frequencies VM
and ¥ ny. The error signal is passed through the loop filter with
the transter function F(ijw). Usually the loop filter 1 of the
| ow—pass type, and the tra..sfer ‘unction is chosen to vrield
optimal PLL performance. Finallyv the filtered error signal is fed
to the tuning 1nput of the WCX0O, which 15 then locked to the
frequency of the maser signal.

2. Basic Eauations
The basic block diagram of the phase—locked svstem 1 shown in
Figure 2, As stated in (8), the phase noise spectral density of

the output of a3 UCXO which is phase-locked to a reference signal
can be written:

Seo( ) = Syt ) IH ()12 + Se . ) IHz($) |2, (1)

The power spectral densitvy of the relative frequency fluctuations
can be calculated from:

S, ot FISCE/VI 2 Sg ot )=, ¢ £ " TH{ U $) |24 S, ()" THR( §) 12, (2

where
Hl('f)= lef
J2NF+Kd KU F(j2uf) " S
Ho( $)=_ Kd: Ky« F(j2n§) . (4)

J2NF+KA- Ku+F(j2R$)°

Hi{(f) and Ha(f) are the transfer functions of the phase locked
loop, F(i2Rf) is the transfer function of the lcop filter, Kd is
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the phase sensitivity of the phace detector, Kuv i1¢ the wvoltage
controlled oscillator tuning sensitivity, Sy (f) and Se."f) are
the phace noise power spectral density of the the +free-running
UCX0 and the reference source respectively.

The above basic relationships can be applied to the Rb maser
frequency <ctandard, shown 1n Figure 2 [11]. The relations for
this fiqure can be expressed:

[{1]

.ri.f)=30MUlf)+(S.M(f)*S |!'-‘F)*S.é(f)*s.R(f)*S..IEl(f)":S.RB(f) (S
+S°2‘ 'F.'I*S.L(f) M *tMZ’,M}S.HUQK{) *{M3{'P‘)S‘s(+)

Syrif)=SYM(¥)*Syi(f)*SyA(f)+SyR(f)*SyIF1(f)*Sszff)+SyIF2ff)* (&)
Sy‘] { -F)*S).Mu(f)*sysi'.f)

12X+
Hi ()= )
J2Uf+Kd-Ku-M-F( 214>

Kd-KueMF()2%€)
Hz(f)‘ vE)
12KF+KdKu M- F( 216D

Seot FI=Sgy (F2+ [Hy  $) (24 Sg ¢ £1Hp(£) |2 (9)
Svof $ISS,, (F)e IH ) |S4S, (£)+ [Hp ) 12 c18@)

The time domain frequencv stability of the WCXO output signal
than then be exprecssed {122 bw¥:

= sindCnTe)

02,,(TI=2 S, F)- — df (11>
o (1[14)‘--11+(f/'fc)‘—_:

or

. & « |

LS ST —= Seat ) sinduTE). —— df a
{20V 1) o 14 (/€00

where f_. is the cutoff frequency of the first-order low pass

fi1lter used in the measurement system. From equation (10 we see
that the first term represents the contribution from the UCXO0.
The 1loop acts as a high pass filter with a 1imiting value of one
for very high Fourier frequencies. The second term is the
contribution from the reference sources which include the maser,
the preamplitier, the mixer the multiplier, etc. In that case,
the 1loop acts as a low pass filter with a limiting value of one
for very low Fourier frequencies. The overall performance of the
system will then qgive the high frequency fluctuations of the UCXO
plus the Jlow frequency fluctuations of the reference sources.
This 18 an important consideration for the designer of the
svystem.
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From the above we can conclude: OF POOR QUALITY,

1. The reterence s»stem consisting of the Rb maser, preamplitier,
mixer and multiplier must have low phace noise at lew Fourger
freaquencies. The flicker of phase and flicker of frequenc- noice
muct be controlled as low a¢ pozsible.

2. The UCx0 used i1n the Rubidium maser +frequenc+v standard must
exhibit very low white phase rnorze. The laonag term freaquency and
dri1 ¥t are not too important,

2. The transfter functicn Fup) of the loop +1'ter plave  an
important role in the frequenc- standard. The choice ot the loop
parameters must be made *o cptimize the +requenc+ stabilait- of the
output frequencv.

CHARACTERIZATION OF THE NOISE IN THE COMPONENTS
1. Rubidium maser
Sever al authore [%) [11) have showun that the one—-=si1ded-cpectral

densi tyr of the <+fractional frequency filuctuaticocns can be
approximated by:

4T _ dkT ~
S,M;kf)=——————— -ffVM)J + —_— tl/EQ‘)ﬁ-ch{) 13
Pat Pat

where K 13 EBelzmann s constant, T 15 the abzolute temperature of
the s¥stem. Pat 12 the power generated inside the active medium,
&, is the atomic line quality factor, M 1s the atcmic resonant
frequency and G_.«4) 15 the power transfer Function of the
microwave cavity. The first term represents the white phaze ndise
contribution and the second term 1s the white <frequency noice
contribution resulting from stimulated emizzion of radiatian
within the atomic linewidth. FAccording to the experimental
results of at BIRMM and the reference [7] there 15 random walk of
frequencv 1n the rubidium maser, but the scurce of the noise ie
still unknown. Aaccording to the preliminary analwzis [3] (6] 1t
is believed tc come mainly from cavity temperature fluctuations
or light fluctuations. The time domain frequency stability goes
as ™ for averaging time T:3s., From experimental results., shown
in Figure 13, we can obtain -;'f‘f.__,-'~1")=--.4.7‘a<1ua"l“*"r‘ks tor T=I-1@6s. The
power spectral density of the relative frequencv fluctuatiaons can
be calculated from (12

é

S, ()= G201 <14)

-
-
rs

Cz2) e+
From (14) we obtain then

Symz$)=3.4x18728 72 (s
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The =zpectral densits o+ fractional +requency fluctuations of the

Rb maser FBR-I1 can be written:
St IS S 45, Ma 1 =3.dx 10728 $7242.5x10727 42418770 2 (16)

Thuse. the power spectral density of the phase noise can be
expreczed:

Sprq Fr=ivpy $2€ S0 fr=1077 573 41a78.F¢m2y @710 (7
Z. JCEOD
0 s which are caommonl» used with atomic frequency =tandards

are SMHz., 1@ MHz and 1@88MHz quartz crrstal oscirllaters, The power
ceztral density of the phase noize of the "WCxO°' s which have been
gevelioped at BIRMM can be expressed as:

Se. vir=1a- 18 341 11514710 CAMHz WX (1en
Sp.. s F)=1077F T 18 251 gm1S F1RMHZ UCXDD 15
S¢ 3'f?=l@‘34'3*1ﬁ"5 CiRarHz LD QTR
The pomer spectral denzi1t+ of the fractionzi tredguencw

fluctuzxtions can then be viritten:

S Fo=dete 2 e e gx 1729544107272 (SMHz VEXD (210
S.oyz Fr=107F ¢ e s 1@ 20418727 £2 C18MHz VCX0) (22D
S ., z(fr=18721 7143142 C188MHZ UCXO) CEE)

3, Microwave preamplifier

Microwzve preamplifiers fi1nd wide uce 1n low-notse receivers, =0
we have peen trying to find a zuitable unit +or Rubidium maser
use, Ule have only been able to find FET microwave ampl:fiers,
The phase noise of several of these amplifiers were tecsted.
Models Cx511A and CXS11C are being ucsed 1n the Rb maser . They
have a aqain of 17.2 to 17.5 dB and a noise fiqure of 4 to & dE
over an nput po.er range of -2@ to —«@ dBm. The phase noise
spectral dens:'* - was found to be:

Sl £)=1 1‘-4"".1"6.1-,.':"3.;(1@"8.3"9.3\,{—1.,.(1.3-1':;'.?"'23.lj,p“l (24
where F 13 the input power level, expresced 1n watts., Equation
(24 wows that the FET amplifier has not only white phase noise,

but alec flicker FM and PM nocize. The fircst term represents the

¥l cker FM noise, the second term represents the <flicker PM
r .1se. They are independent of the input signal! power level for

an typical ampi1fier. The ncise level varies with the FET model

and the operational conditions of the amplifier. The third term
represents white phase noise, This noise is independent of the
input :ignal power level and amplifier norse figure.,
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From (24>, the spectral density of <Fractional frequency
+luctuation can be written:

Syat$)=(1.7-170x1072¢¢ Lol x 1072744 (1.7 4 10749 ¢2F, 71 25

Data on flicker PM and flicker FM noise levels of such an ampli-—
fier are not available from an» csource to our Knowledge. We will
make a further effort to develop 1o noise preamplifiers 1n  the
future,

4., Microwave L.Ixer

The microwave mixer ie an important component in the PBR-11
frequency standard. Th: white phase noise of a mixer which
operates at low signal level iz avzilable from the noise fiqure
cspecification. Data on tlicker PM noitse at low siqgnal levels are
not available and must be measured. The phase ncise of cseveral
microwave low level balanced micers have been measured. The model
WH32 Schottky diodes are used 1n the mic<er.

The mixer has a noise fiquire of &-10 dB, a LO power P‘ af 2 dBEm
and signal power leuel of @ dBm tc —-Zé# dBm.

The phase noise spectral denzity 15 found to be:
SOR\ {)=(18—15-2‘-1-5.2).';—lp§—1+.~ 10"18.2\1?.2)PS-1 '~.2C"
where P_ is the signal power lewvel expressed in watts,

The local oscillator power to the mixer 15 constant, <so that the
cperating condition of the mizer 12 1nvariant, We can deduce =&
conclusion from the above statements that expression (Ze&r wni'l be
valid for lower <si1gnal levels. From ©26), the spectral densits of
fractional frequencv fluctuations of the miver czn be written as:

S,ge ¢ = ~13.55x1873%$p_"1 + (1.35-13.5)x18"3%¢2p _~1 (27>

ficcording ¢ 127, the phaze noise of the mixer 13 In inverse
proportion to the signal power level for the case of low signal
cuels, The +first term represents flicker PM noise which was
neg.ected  in qeneral. The second term represents white phase
noise which is dependent on the noise figure of the mixer., The
phase noise varies with the diode and the microwave circuit of
the mixer.

S. Microwave frequency multiplier

The frequency multiplier consists nf 3 transistor power
ampltifier, a 188 MMz frequency doubler and a high order
multiplier with a step recovery diode. The input power is @ dBm
and the output power is 413 dBm at 4.8 GHZ2. The measured phase
noise spectral density referred to 180 MHz is:

Semu¢ fr=18"11¢7 1410713,

vV e
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The spectral density of the fractional frequency $luctuations can
be qiven:

Symucfr=10"17¢+16731¢2 Cz&)
é. Microwave i1solator and attenuator

The 1so0lator and attenuator are pascive dissipative non-reciprocal
components and ccntribute only white phaze noivse:

(L —ax)KT
SOi'-.f)_ (29)
oP

where o is the insertion loss of the 1solator and attenuvator and
P; +s the available signal power at the input of the components.
The actual values are: P|=lx18'13m. a=0.8 (1 dB». From (27> 1¢
follows that:

Se;(fr=107108.28 38>

and

N
—_

3 -30 5 ¢
S, (fr=18"3042 ¢
7. Other components 1n receiver
The 1nfiuence of the other components tn the receitver on the
performance of the frequency standard 1s theoretically <cmaller
than that of the above components., In order to improve the
performance of the frequency standard, we measure phase noise and
frequency stability of these components to acquire the following
results:
a. 5 MHz x 7 frequency multiplier

SeMuz( Fr=18"12471 410713 (22>
b. Phase detector

Sep(f)=18712.5¢1+19-15.3 (33
c. Second mixer

Serp(f)=18"12.55-1419-15.7 £ 34)

d. Frequency synthesizer

0,e(Tr¢1x10 7L for f=1 kHz (35)
Therefore:

SyMmuz(FI=ax10"2%¢44x107 302 (36)

Syl £)=6.8x10733¢44,8x1073652 (37>

S, g2 £1=6.8x10733£+44 ,3x 10873642 (38)
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S. Summary of the noise contributions OF POOR QUALITY

In order to compare the noise contributions of the di+ferent
components, the power spectral density of fractional frequency
fluctuation of the various components are given in Figure 4.

CONSIDERATIONS OF THE SYSTEM DESIGN

By srstem design we mean the coptimization of the svstem frequencr
etability, In this section we will present desiqn considerations
of the main components 1n the PBR-I1 frequency standard.

1. Consideration of the Rubidium maser design

From (160, the output signal ot the Rb maser exhibits three main
norse components. Because the Rb mazer 1 included in the
reterence source of the freguencs standard., the noise
contraibtution of the 1low Fourier frequenciesz 1e the main
contribution to the cutput frequenc» of the frequenc+ <ctandard.
We =zee from Fiqure '4) that the main norse component i€ random
walk FM. OQOther noise components can be neqlected compared to the
flicker phace noitse of the microwave mixer of the reference
source svstem.

In order to reduce the random walk FM noize, & high precicion DC
power supply ard hiagh stabilit. oven are used 1n the PBR-II. Even
then a good method hzxg not been found to reduce this noicse
component. :

faccording to (270, i1t 1 very important to tncreasze the output
power of the Rb macser to reduce the noise cortritution of the
microwave mixer. With this end 1n view, the microwave cavity and
the maser bulb operate at a temperature of &8°C-&2¢C. The lamp
oscillator can give an output power of about 18 L. Thus, the
cutput power of the Rb macer 1= on the order of Zx18”19 .
detailed decign of the mazer wiil not be given in thiz paper.

2, Low noirse receitver

Generally a low noise microwave receiver 1 characterized by the
noise figure, but only the white phase noise can be determined b~
this value,

s <ctated abocve, the FET preamplrfier and the microwave mixer
exhibirt flicker FM or FM fhoise 1n addition to white phase noise.
They will contribute to the overall ncocize of the frequency
standard and degrade the performance.

There two methods which could be used to receive the low power
level output of the Rk maser. One of these wuzes a FET
preamplifier and the other goes directly into the microwave
mixer. The noise contribution of each method is qiven in Figures
Sa and 5b, where SYRGI(*).' S),Rezﬁf), GYREI(T? and O'YR92$T‘)
represent the frequency domain and time domain noise contribution
of the +irst and second method.
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Assuming that other noise contributions can be neglected compared
to the preamplifier and microwave mixer, the noise contribution

cf each method can be expressed:

S, Rrett FI=8, v ) (39
SyRezt F)=S, g H) L48)
and ccocnsequently

«© sindimTe
O Rrett{T?= 2 Syatt? — df 41

o CHTEIECL+CH/ £ 0 2

= sintimts)
d)’RGE"'T)= 2 SRt — df (42

o CRTFIECL47 7§ .022
From Fiqures Sa and Sb, we see that: the second method 1= better
than the first, that i1c, the noige contribution of the microwave
mixer iz less than the FET amplifier. In view of operational

retiabrlity, noice contribution, cost and volume of the system,
we have decided to choose the system with the microwave mixer as
the 1nput stage ot the phace-locked receiver.,

3. Choice of VCxD

The MVCXO ies an important component in the active frequencr
standard. It must be locked to the resconant frequency of the
atomic line and exhibhit excellent zpectral purity and low white
phase noise.

The 186 MHz Y“CXO has been chosen ac the basic cscillator 1n  the
PRB-11 Rb maser +frequency standard. The reasons are summarized
below:

(1) In view of the novce contritution for frequency stability of
the svetem, the white phase noize of the VCX0 is most important.
From Figure 4, we can cee that the white phase noige of the 108
MHz VCX0 is less than the 18 MHz YCXO and the 5 MHz VUCXO0,

The FRb mazer frequency standard using the S MHz VYCXO has been
discussed extenzively in references [7] and [(8]. 1t has been
shown that the S MHz VCxQO 18 not the best choice for the Rb maser
frequency standard.

()Y The order of the frequencv multiplier will b reduced with

recpect to the 5 MHz UC¥0 and 18 MHz \)CX0. The noise contribution

of the <frequency multiplierse will be thue reduced and the
stability of the multiplier chain can be improved.

The frequency multiplier has an input frequency of 5 MHz and an

output frequency of 42888 MHz, The measured phase noise spectral

density, referred to 5 MHz is

Semu¢ r=10"12¢"1419-15.7 (a%)
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S Myt f)=ax187254+ax10730 42 (44)

‘"he noise contribution of the frequency multiplier chain with an
input of S MHz will become a major factor in degrading the
frequency stability 2f the reference source system in the Rb
maser frequency standard.

(3> The FBR-1l frequency standard i1s mainly used as a reference

frequency source with excellent <frequency stability in the

meacurement of short—term frequency stability., The high stability
precision frequency sources, such as 5 MHz and 18 MHz standards

must be multiplied to 160 MHz lo achieve sufficient measurement

resolution. The FBR-II output need not be multiplied, thereb

improving the performance of the measuring srvstem.

(4) Design of the phase-locked loop

The main task of the loop 1¢ ‘o carrect the frequency drift of
the UCX0 and to trancsfer the frequencr stabilitr of the Rb maser
to the cutput. Doubly balanced mixers using Schottky diodees are
used as the phase detector which has to be wery sensitive and
contribute wver» little noicse. In order that no frequencr error
existes when the free—-running VCXO is drifting, 2 second order
locp type 2 {13] 1s chosen. An I1ntegrator with phase~lead
correction gives rather good loop stability performance and 18
used as a filter following the phase detector. Ite transfer
function 1¢s:
143075
Fijwr=—————— (45)
JWTI

After substitution of (45) inta (7)) and (8>, the twoc loop
transfer functions become

2
Hl(s)"‘ > > = (46)
s +2§mn M\
2§wns+mn2
Hz(S)— = > Z 47>
s *2§L\Jn o
where s=jw., W, is the natural frequency of the loop and |is

defined br wn=2ﬂfn=(KdeM/Tl)b (48) and £ 18 the damping <factor
defined by:

WaTp 2z KghMO®
2= = —. (49>
2 2 T %

With thise 1loop des.gnh these two parameters & and W can
selected independertly by setting the values of T; and 7
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is importznt when one 1s concerned with the conditions for
optimum transfer of frequency stahilitv.

The capture and locking rapnge are not critical parameters in the
active atomic frequency standard, because the two frequencies
are already very close to each other and stable.

From the expressions (46> and (47), the transfer functions of the
frequency standard system can be written:

£4
IHy (£) 18 = — : , (50)
$He2¢ 20282-1)£24¢ 9
£,20a82¢24 5 2)
IHo($) 12 = \S1)

Fhezs 202821 §244 4

When & = @.787, that i1s the critical damping. (38 and (51 can
be written:

i
IHy )18 = —0 (52)
*4+{n4
R £, 426 44
tHzof) & = — (S3)
feg 4 :
When f/fn = 1,85, theze two transfer functicne are equal. The 3

first method of loop design for the PBR-I1 it a method of rough
approximation of f_ and calculation of the values of Ty and T2
according to the equations:

k gk M ,

Y — (54> o
W, '
2<

T, = (55)
W

T

I+ the crosse-over point of power cspectral density of <fractional
frequency fluctuation between the 188 MHz VUCX0 and the reference
source can be found, <cuch as pcocint O in Figure 4, denote the
frequency of the cross-over point by fo and the natural frequency
of the loop can be expressed as:

fr, = _— (56)
1.55
~Aanother method of loop design which has been applied to the PEBR-

I1 frequency standard is the calculation of f_ from the optimum
frequency stability of the output signal. A microcomputer was
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ucsed to calculate the optimum wvalue of f, according to the
expression «11) or (12). For example, according to the <first
method, we find £, = 178 Hz from Fiqgure 4, Then, f, 1s ocbtained:
fo
fr = —_— = 116 M2z
1,59

The waluez of Ty and Ty can be evaluated from + 34> and (S

‘ kgt M
Tl = -————-—5-—— = 1% mes

W
T = = 2.2 ms

b,
where kg = 8.9 o9 rad, kK, = Z8%ZN rad-v, M= &8, ¢ = 0,707
and W = 2x11@X rad/s. The acfudl values of Ty and Ty wll  be
determined b+ =zetting the aluy of R while mea:urlno the

frequency stabilti vt of the PEF II +requencw standsrd.
DESCRIFTION OF THE SvSTEM BLQCE [DIRGRAM

The <swstem block diagram of the PER-11 frequenc» standard 1
shown 1m Figure 17. The microwave mixer 15 used az the First

=

stage of the phase-locked recerver and a 1866 MHz WCx0O 1= used as

the basic cscillator. The second LO signal of 25 MHz is delivered
from a S MHz "YCX0 uzed az a reference signal for the 211 KHz
frequency svnthesizer, The S MHz =i1gnal is a non-standard ocutput
s1gnal  Ite noice contribution can be neglected compared to  the
188 M™MHz WUCX0O., We can show that the time-domain +frequency
stabr 11ty which ige added by the S MHz (A0 can be expresszed ac:

c.},olr-f) = 135/ 4800)3 g0 T) (57

where 67,1-T) 1e the time domain frequencr stability added b» the
5 MHz VC¥0 and O 5. T) 1e the time-damain frequen-y stability of
the 5 MHz UCXO. Frem (57> &, ¢ty = Sx1e~19v=1 for 6 s01) = 1x18”
Ha=1, The S MHz U0 1& readily available 4rom cur  own
laboratory. It can alsoc be operated open loop i+ the frequency
cstability of the free-running YCX0 is good enough for the evztem,
The 311 kHz frequency s¥nthesizer has 2 frequency range of 1 KHZ
and a resolution of 1 Hz, 1 has a2 time-domain frequency stability
better than 1x18-%1=1, A 311 KkHz quartz crvetal oscillator mav be
sybstituted for the synthesizer for less demanding uses.

FERFORMANMCE EVALUATION

The time-domain frequency <ctability 1€ & most important
specification of the PBR-I1 +frequencv standard. The basic
equations for evaluating the time-domain frequency stability of
the output signal of the frequency standard can be written as:
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Gt =2 S, o¢H) — 5 : 5 df (S8
o (NTFI€ (U7 043
S, ot £)=5,, 0 ) [HCF) 12 + S [Ha( ) |2 (59>
S pt FISS ()48, (4S8 My fD (&0
£4
IHy ($> 1%= (61)
4 4
o4
. t34e2¢ 22
IHo () | & = ’ (&2)
£ 44 4

The spectral denszity of fractional frequency fluctuati« - the
main compornents in the PBR-I1 is found to be
SomFI=3.34x107284724 2, 5x108727 425 1071042 (&63)
S R(FI=2.1x18726F+1 ax167 2842 C&d)
SoMut $)=1.8x18727F+1 c1a”F142 C&S
S, Fi=1,8x10 21 f41 ;@x10731 42 : (&)
é+ter subst “otion of (&3)-(5%)-(48), the numerical evaluation of

o' T from (38> can be obtained. It is shown 1n Figure é for
raecff trecdency f. = | kHz and a loco natural frequency of

f n=<00 Hz. We see that ¢,,(7T) shows a ! dependence over the
range of averaging times from 2 ms to 1 ¢ and a ™% dependence for
averaging t.mes T > 3s. According to Figure &, the time domain
frequency stability GyO(T) can be expressed approximately as

O, ofTI=0¢1.4x18713171,24 04, 7x1071418.5,2,8.5 (67>

From the second design method, we evaluated the optimum value of
fn. The relationship bet 2=~ the rnumerical evaluation of

0¢0.1 <) and the npatural frequency of the loop is shown in
Flgure 7. 1t is seen that the optimum value of f, is about 180
Hz .

EXPERIMENTAL RESULTS

1. Time domain frequency stability

The time domain frequency stability (two~cample variance) of the
PBR-1I frequency standard was measured using the configuration

shown in Figures & and 9. The results are given in Figure 10,

The beat frequency method is used as the basic <frequency
stability measurement method. For averaging times between 2 ms and
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166 ms, the reference oscillator 18 a Jlow-noise frequency
synthesizer . The beat frequency 15 approximately 18 Hz-50@ Hz. For
averaging times from 108 ms -10@8<, the reference dscillator s

another PBR-11 frequency standard. The beat frequency i1s about 19
Hz. The noise bandwidth 1 about | KHz for averaging times between
2 ms and 140 s.

2. Frequency i1nstabili1ty added by the phase-locked receiver

The +frequency i1nstability added by the phase-locked receiver 15
defined as the frequency stability of the output =ignal of tte Rb
maser trequency <tandard when the Rb maser is an ideal
cscrllator, that 1s, S y(f)=6, A detailed block diragram of the
measurement syetem 15 shown 'n Figure 111a and 1ib. The
meacurement principle 15 shown 1n Figure 12a and 12b.

The norse spectral density shown 1n Figqure 12Za can be written as:
Sy ot FIZS, CF) IH ) 1 24 o §) THo ) | 2+
S, uxC ) IH{CF) 18 IHG(£) |2+
Syotl 1= IHUH) 1€ IHa £ 1214
gt £ IHZUF) g€ IH () 1 2 (48)

where lH(f)|52 and |H\+)|L2 zre respectively the <swstem

transfer functions of the microwave synthesizer and the phace-
locked receiver. S, . f> and S,,,.f) rep-ezent the noise spectral
density of the UYCX0O 1~ free oscillation and lockKed condition
respectively, S, ¢(f, reprecents the notse spectral density of the
108 MHz VUCXO of the receiver 1n free oscillation, S,.gy ¢
represents the noise spectral density of the 184 MHz YCX0O in the
microwave synthesizer. S _(f) and S, p‘f) represent the noice
contributions of the =synthesizer and the phase-locked receiver

reference syestem respectively and Syp‘(f) 1S the ncice
contribution of the phase-locked receitver. Because the phase l1oack
bandwidth of the synthecizer 1 wider than the receiver -z, the

fourth term 1n (51) can be neglected. The third and f1fth terms
can be measured by the method shown 1n Figqure 11t. The first and
second terms in (68) can be evaluated by

Syp1 (IS, THLCF) 1 248 p04) THa0 ) 1 2.

The time domain frequency instabilitv added by the phase-locked
receiver 1t measured actually by the beat frequencr method.The
beat frequency signal between two 100 MHz VCxQ’s is about 1@ Hz
to 1386 Hz, which can be obtained by varving the cutput frequency
of the microwave synthesizer, The measurement results are shown
in Figure 13,

3. Rubidium maser

The blozk diagram of the measurement setup is shown 1n Figure 13,
Shown in Figure 15 1 the measurement result which includes the
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noise contribution of the receiver. We have not found a good
method to precisely measure the noise contribution of the RDb
macer,

The beat freaquency signal between the two Rb masers is about 500
Hz. The twin-T tuned amplifier i1s used to control the ncoise
bandwidth from 3 Hz to 3 kHz.

4. Discuzsion

From the measurement results in Figures {0 through 15, we see
that the noise contribution of the phase-locked receiver
predominates for 2 me ¢ T ¢ § e. For longer averaging times the
random walk FM noise of the Rb macer predominates and degrades
the frequenc¥ stabilitv of the FBR-I] frequency standard.

The measurement results of Figure 145 basically agrees with the
calculated values.

vhe <frequer. instability added by the phase-locked receiver can
ke wused to characterize the performance of the receiver. It s
vary useful for developing a low-ncise phase-locked receiver.

F~om the measurement results 1n Fiqure 15, we see that o (71!
sl ows a [1.838+3Ln(2ﬂfnr)]5 dependence over the range of
averaging times from 19 m= to 1 s for noise bandwidths, #,, from
v Hz to ! KHz. This dependence shows clearly that the noise
contribution of 1-¥ PM noizse of the microwave mixer predominates
for 18 me £ T : 1 s.

Conclusion

e have shown that the system design method adopted for the PER-
Il maser frequenc - standard is a ucsetul orne for choosing
components and parameter design. FPrecicsion characterization of
the nuice spectral density is the basis of the system desiagn. The
main noise contribution from the PBR-I1 frequency standard is the
flicker ptiase noise of the microwave mixer, random walk FM noise
of the th: Rb maser and white phase noise of the 168 MHz WCXO.
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Fig,1. Basic configuraticn of Rb maser frequency .tandard
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Fig.2. Basic block diagram of phase-locked system
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Fig,5,b Time-domain frequency stability of two low-noise receives.
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Fig,6. Evaluated tim2-domain frequency stability of PBR-II
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Fig.9. Experimental setup used in measicrement of PBR-II frequency stability for
averaging time 't=2ms-100ms.
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