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The Synchronous Oscillator: A
Synchronization and Tracking Network

VASIL UZUNOGLU, MEMBER, IEEE, AND MARVIN H. WHITE, FELLOW, IEEE

Abstract —The synchronous oscillator (SO) is a free-running oscillator

which oscillates at its natural frequency in the absence of an externally

applied signal. In the presence of a signal, the oscillator synchronizes with
and tracks the input waveform with an acquisition time inversely propor-

tional to the tracking bandwidth. The SO possesses a constant output

signal amplitude in the tracking region and an adaptive tracking bandwidth

proportional to the input signal level. In operation, a decrease in the input

carrier-to-noise ratio reduces the SO’s trackbrg bandwidth to maintain a

constant carrier-to-noise ratio at the SO’s output. An SO can track signals

which have very low carrier-to-noise ratio. For example, a 70-MHz SO can

perform phase acquisition in less than 400 ns and track a 140-MHz carrier

with an input carrier-to-noise ratio of – 40 dB (wide-band noise), while

maintaining a 400-kHz tracking range. The SO has a very narrow resolu-

tion bandwidth, similar to a spectrum analyzer, which is independent of the

tracking range and makes the noise rejection properties of an SO very

high. Resolution bandwidth is a function of the regeneration process within

the SO network, which is not found in other tracking networks. The paper

presents the theory and experimental characterization of SO’s in terms of

selectivity, noise rejection, carrier-to-noise improvement, tracking range,

and acquisition time. A specific application is described for SO carrier and

clock recovery networks in a 60- and 120-Mbits/s QPSK modem with

bit-error-rate (BER} performance approaching that of hard-tired connec-

tion.

1. INTRODUCTION

sYNCHRONIZATION is an important concept in

coherent digital communication systems, where both

the carrier and clock must be regenerated in the receiver.

The benefits of synchronization lie in the conservation of

bandwidth and signal power as well as error-free identifi-

cation. A synchronization network element must possess

the following properties:

1)

2)

3)
4)

5)

6)

7)

excellent filtering properties (high selectivity) for

noise rejection;

high sensitivity to recover the signal buried in noise

(low-injection signal conditions);

wide tracking bandwidth;
fast acquisition time in burst-mode operation;

recovered output amplitude must be independent

of injection frequency and amplitude;

phase difference between input and output must be

linear with frequency and amplitude;

low steady-state phase error between input and

output signals;
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8) low bit-error-rate (BER);

9) internal memory (storage) in absence of synchroni-

zation pulses; and

10) frequency stability with power supply and tempera-

ture variations.

In addition to the above properties, the synchronization

network must be cost-effective, operate with low-power

requirements, and occupy a small storage area. In this

paper we will describe a synchronization network com-

prised of an injection-locked synchronous oscillator to

achieve the above requirements for coherent digital com-

munication systems. In addition to carrier and clock

recovery applications, the synchronous oscillator (SO) pos-

sesses additional features such as frequency division, adap-

tive bandwidth, and operation under the injection of a

signal which is harmonic of the free-running frequency of

the SO. The independence of the tracking range from the

resolution bandwidth enables the SO to achieve superior

performance over conventional phase-locked loops.

Van der Pol [1], [2] first introduced the concept of

controlling the frequency of oscillators by externally in-

jected signals. Adler [3] analyzed an early injection-type

oscillator and derived a differential equation describing the

oscillator phase as a function of time, which yielded an

understanding of the basic locking phenomena in terms of

a simple physical model, namely, the motion of a pendu-

lum suspended in a viscous fluid inside a rotating con-

tainer. Adler’s work provide the foundation for subsequent

papers by Kurokawa [4], [5], Khohlow [6], Minorski [7],

Hayaski [8], Dewan [9], [10], and Runge [11]. Runge intro-

duced current injection into a VCO to increase the pull-in

range of the Van der Pol oscillator [11] operating in a

phase-locked loop.

The SO described in this paper is a unique free-running
oscillator which oscillates at its natural frequency tio in the

absence of an externally applied input signal to, [12], [14].

The latter is referred to as the injected frequency or carrier.

When O, is applied to the SO and if it lies within the

tracking range – Au of the SO (i.e., IUO – ~, I < Ati), then

the SO starts “tracking” the external signal. The acquisi-

tion time of the SO is several orders of magnitude faster

than conventional PLL’s, which are limited by the trade-off

between noise rejection and acquisition time in the loop

filters [15]. Once the process of acquisition (synchroniza-

tion) is completed, a phase difference exists between the
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input and output terminals of the SO. This phase offset per

UIIlit frequency is very low in a SO due to the high internal

gain and wide tracking range. An important aspect of the

SO is its performance as an adaptive filter, where the

tracking range is proportional to the input signal ampli-

ttide. A reduction in the input carrier-to-noise ratio de-

creases the tracking bandwidth to maintain a constant

output carrier-to-noise ratio. The main noise rejection

property of a SO lies in its narrow resolution bandwidth. It

is interesting to note that the resolution bandwidth is
in&prm&nt of the tracking range; yet both affect the noise

re~ection properties of a SO, the resolution bandwidth

being by far the most effective one.

We will present an example of the SO in carrier and

clock recovery networks with specific application to QPSK
modems in order to illustrate their importance in satellite

communication systems; however, the requirements of these

systems fail to exercise the actual capabilities of the SO. In

contrast to conventional filter approaches, the SO through

its adaptive tracking bandwidth and very narrow resolution

bandwidth permits the extraction of information from

signals with extremely low carrier-to-noise ratios, such as

– 40 dB while tracking at several hundred kilohertz to

permit rapid phase acquisition. This paper will describe the

basic theory and experimental results obtained on

injected-locked synchronous oscillators with emphasis on

selectivity, noise rejection, carrier-to-noise improvement,

tracking range, and phase acquisition.

II. THEORY OF THE SYNCHRONOUS OSCILLATOR
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Fig. 1, Functional description of the SO circuit.
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Fig. 2. Linear analysis of the SO.

of TI provides signal injection of current into T2, while the

transconductance G~2 of Tz overcomes circuit losses. In

general these transconductances are nonlinear [17]. In order

to understand the concept of synchronization, we approach

the SO operation with a linear analysis of the oscillator

output voltage VO, as shown in Fig. 2. A small-signal

Fig. 1 illustrates the basic injection-locked synchronous
analysis of the circuit in Fig. 2 requires G~z > GLC2 /C3 to

oscillator circuit and a functional description of its oper-
sustain circuit oscillations, and G~ >> G~ yields

at ion. The oscillator is a modified Colpitts oscillator with C2 + C3

two active elements: transistor 7’1 accepts the injected
~2 =

o
LC2C3

(1)

signal, amplifies it, and injects current into transistor T2.

Transistor T1 is a active emitter load for transistor T2. The for the “free-running” oscillator frequency and

dc current in both transistors is determined mainly by the

bias resistor G. Transistor T2 has three feedback paths: 1)
G

Po+ti:vo=-x (2)
a path thru Cl to the base of Tz (the value of Cl is large c

and is considered a “short” at the frequency range of

interest); 2) a path from the point between C2 and C3 to

the emitter of T2; and 3) a series negative feedback to T2

provided by Ti. Feedbacks 1) and 2) are positive while

feedback 3) is negative. The bias resistor G is adjusted so

that both transistors operate in their linear-active region

wllth equal collector-to-emitter voltage drops. LC is an RF

choke (isolation) and L, C2, C3 form the tank circuit. The
va!riable resistor R~ controls the injection level and secures

the isolation of the SO from the input drive circuit. The

for the fundamental differential equation, which describes

the small-signal operation of the injection-locked synchro-

nous oscillator subjected to an input signal voltage V,,

where C = C3(1 + C3/C2).

We may analyze the operation of the SO by assuming

solutions of the form

supply voltage is typically 5 V, and the power dissipation is and defining
approximately 5–10 mW.

In operation the SO is a nonlinear oscillator with high +=eo(~)–~i (3)

internal gain and a saturated output amplitude in the

tracking range. The injected input signal only modulates as the instantaneous differential phase and

the phase and does not disturb the output amplitude of the AU= LJO-U, (6)
oscillator. This phase modulation is the key to SO oper-

ation. With reference to Fig. 1, the transconductance Gml as the instantaneous tracking range. Substituting (3)–(6)
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into (2) yields the transformed equation

~ = –3K(sin@ – Au/K) (7)

where

is the injection constant for the synchronous oscillator.

There are two regions of operation for the SO

1) driven but unlocked Ati/K >1, and

2) driven and locked Ati/K <1.

(8)

The condition for synchronization or “lock-in” is given by

the requirement

Au/K c 1, for synchronization and “lock-in” (9)

with the SO’s tracking bandwidth

.—.

(lo)

which is an instantaneous adaptive tracking bandwidth

proportional to the magnitude of the input signal ~. We

may define a gain-tracking-bandwidth product as

PO Gml~ Gml
.x— —
F( 2ci7jr = 2TC “

(11)

In (10) PO is a constant and with a specified bias condition

(i.e., fixed G~l), the tracking bandwidth will adaptively

follow changes in the input signal level to preserve the

relationship shown in (11).

The driven but unlocked SO may be analyzed, following

the technique of Adler [3], to find a solution of (7) for @

tan[3K(;-%G5q(12)

where tO is an integration constant. The differential phase

r#I can be seen from (12) to be a periodic function of time

and, therefore, the output voltage VO has a discrete Fourier

spectrum. The spectrum component of the SO’s output

voltage at the injection frequency U, may be found, follow-

ing the method of Armand [16], as

.—

‘“(’’”)‘ ;+K%=’’”””“3)
Thus, the unsynchronized but driven SO produces a dis-

crete Fourier component at the injection frequency whose

phase is + 7r/2 and changes sign with the frequency dif-

ference. We also observe the amplitude characteristics pro-

vide frequency discrimination or filtering, an important

property of the SO.

1 m
I 11’, .1 I I

+90m

I I 1.

W’!’*
Wo

Fig 3. Transfer function (gain-phase) for the simple SO circuit

An analysis of the driven and locked SO shows that

steady-state phase error in the lock-in range becomes

the

$., = sin-’ ( AcJ/K ) (14)

while the amplitude of the SO’s output signal ~0 is con-

stant. An exact analysis of the SO operation in the lock-in

region requires a nonlinear treatment [17]. The high inter-

nal gain of the SO maintains the output voltage constant

within the lock-in range, while the input signal modulates

the phase of the oscillator. Fig. 3 illustrates the amplitude

and phase behavior of a SO as studied experimentally with

a network analyzer with the vertical axis representing the

steady-state gain PO/ F.( u, ), at the injection frequency.

We have discussed the steady-state characteristics of the

SO; however, an important measurement is the phase

acquisition time which is the time for the SO to reach

steady-state from an unlocked condition. An analysis of (7)

for the “driven and locked” region gives the time for the

phase error

1
~ (1 percent) = (15)

K~-

to settle to within 1 percent of the final steady-state value,

as given by (14). The importance of the injection constant

K and the offset frequency difference Ati are observed in

(15). Low offsets, increased signal drive, and high G~/C

ratios lead to fast phase acquisition in S0’s. We observe

the phase acquisition time increases in (15) as Aw ap-

proaches the edge of the lock-in range and this increase is

countered by the high internal gain of the SO.

An important aspect of SO operation is the response of

the SO to an injection signal at harmonics of the funda-

mental free-running oscillator frequency tiO. An analysis of

an SO under harmonic excitation indicates the injection

constant K is increased by the order of the harmonic N.1

1Insertion of N@, for ~, in (4) provides an indectlon constant K =
NGfi,l ~ /2C ~, m place of (8). An SO in the fundamental mode exhibits a
+90 0 phase shift over the tracking range, while an SO operating in the
nonfundamental mode with harmonic excitation N exhibits a +90 O/N
phase shift over the tracking range.
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Fig, 4, Gain-phase synchronization curves of an SO Fig. 6. Comparison of a SO with a conventional three-section bandpa:
filter. The SO is un-modified as shown in Fig. 1.

t-b-ratbn
=~

II
*fr ,, fr~ 3 FREQUENCY

f’l fi

Fig. 5. Operation regions of an SO.

Thus, there is an improvement in the “tracking” band-

width by N and the phase offset is reduced by N for small

frequency offsets. In addition, the effective time constant

for phase acquisition is also decfeased by’ N for small

frequency offsets. A perhaps mere interesting aspect of

harmonic excitation lies jn t~e: dramatic selectivity im-

provement in the frequency dkcrin@aticm characteristics

of the SO about the free-rqnning SO frequency. The selec-
tivity of the $0” under harmonic excitation is improved by

the Q = uO/Au of the filter. A feature of harmonic excita-

tion is the improved sele@ivity and the reduction in total

phase shift across the lock-in range.

HI. EXPERIMENTAL RESULTS

Fig. 4 illustrates the gain-phase synchronization curves

fc,r an experimental SO. Fig. 5 illustrates the various re-

gions of operation, which we will ~e~gribe in detail. There

are three distinct regions in an $0 synchronization curve.

Region “a” is the tracking range or the so-called driven

and locked region, where the SO is synchronized to the

injected carrier between the freqpencie$ “j_l and ~z ( A.fO =

fz – fl). The output amplitude is constant in this region of
operation. The second region, “b”, i$ the transition region

or the so-called driven but unlocked’ region. This region

begins as the injected carrier starts to “interact with the

oscillator frequency and commences when the SO is

“ tracking” the injected carrier frequency. The nature of

this transition region varies depending upon modifications

to the basic SO circuit and the manner of signal excitation.
In general, the transition region is abrupt. Region “c” is

characterized by the external circuit elements (i.e., pre- and

post-filtering) and represents a reduced interaction be-

tween the injected carrier and the SO.

The synchronization curves of an SO have several fea-

tures worthy of mention. The flatness of the gain synchro-

Fig. 7. Adaptive “ tracking” bandwidth and ‘<gain-attenuation” features
of an SO.

nization curve is a unique property of the SO and dis-

tinguishes the latter from linear networks and, in particu-

lar, injection-type Van der Pol oscillator which are char-

acterized by an output amplitude dependent UPOn the

injected carrier amplitude and frequency [1], [2]. The

primary function of the injected signal is to modulate the
phase of the SO, while the SO’s amplitude remains un-

changed in the lock-in region. Outside the lock-in region,

the injected signal determines the frequency discrimination

or filtering characteristics of the SO, while the SOS phase

remains unchanged. If the SO were a linear network, then

according to linear network theory [18], [19], the phase of

the transfer characteristics should display abrupt changes

and extend several octaves beyond the abrupt gain changes

within the transition regions. An additional feature of the

SO is the almost linear phase throughout the tracking

region.

The so-called “skirt” selectivity (R \f, from Fig. 5) of a

simple SO (unmodified by external networks and harmonic

excitation) is considerably higher than a l@ear filter. Fig. 6

compares the skirt selectivity of a three-s~clion 140-MHz

bandpass filter to the filter characteristics of a simple SO

operating at a center frequency of 140 MHz. The SO has a

skirt selectivity of 10 dB/600 kHz compared with a three-

section filter selectivity of 10 dB/2.4 MHz.

An important aspect of SO’s is the adaptive “tracking”

range as described in (10) and shown in Fig. 7 for injection

carrier levels of – 30, – 20, and – 10 dBm. Since the
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Fig. 8. Modified SO to enhance filtering performance.

output amplitude remains unchanged in the lock-in region,

the network analyzer displays a different “gain” or “ sensi-

tivity” 2characteristic for each input signal level. The – 30-

dBm carrier causes the highest “gain” with respect to the

reference level 2, as defined in Fig, 5; however, if reference

level 1 were used for the comparison, then the – 30-dBm

carrier would create the highest “attenuation” providing all

curves are referenced to level 1. The SO features carrier

selectivity, as illustrated in the decreasing bandwidth and

upward swing in the curves of Fig. 7, with simultaneous

improvement in noise rejection. For example, at an injec-

tion level of – 100 dBm the tracking range reduces to 18

kHz. Thus, as a filter or as a tracking network, the band-

width of a SO depends upon the injection level of the

carrier. A transfer characteristic of a SO must specify the

injection level. A SO is an RF filter with variable band-

width and variable “gain-attenuation” level— a function of

injected carrier amplitude—in contrast with linear filters,

where gain and bandwidth are independent of injection

level. Thus, the SO is an adaptive network element for

signal processing.

A. Performance Enhancement Techniques

Several methods have been examined to enhance the

performance of the SO’s:

1)

2)

3)

4)

5)

addition of a series-tuned circuit in the feedback

path of the oscillator transistor;

addition of an external bandpass filter at the input

of the SO;

harmonic injection into the SO;

combinations of 1)–3); and

cascaded operation of S0’s.

The first four techniques are illustrated in Fig. 8 in the

dotted lines. The SO of Fig. 8 oscillates at 560 MHz with

the addition of the series LIC1 tuned circuit. The original

transfer characteristics of the SO, without the LIC1 net-

work, displayed a skirt selectivity y of 15 dB/300 kHz. The

2The word “gain” or “sensitivity” is defined by (13) or PO\ ~, but
differs slightly from its standard usage. The output amplitude of the SO
remains const~nt for varying input signal levels, The change of gain in
(13) is due to ~ only.

Fig. 9. Gain-synchronization curve of SO shown in Fig. 8 with LICI
network, 560-MHz center frequency.

Fig. 10. Gain-synchronization curve of SO with input filter and 70-MHz
center frequency.

incorporation of LIC1 increased the selectivity to 15 dB/40

kHz with 32 dB and 22 dB out-of-band rejection as shown

in Fig. 9. Superimposed on the SO gain-synchronization

curve is the transfer characteristics of a three-section 560-

MHz bandpass filter. Fig. 10 illustrates a gain-synchroniza-

tion curve of a standard 70-MHz SO, the transfer char-

acteristics of a three-section 70-MHz bandpass filter, and

the combined gain-synchronization curve with the band-

pass filter connected to the input of the SO. The influence

of the input filter illustrates the importance of the input

coupling network on the regeneration process, where the

latter increases the out-of-band attenuation of the SO

faster than the attenuation provided by the input filter. We

can observe the high internal gain of the SO is sufficient to

compensate for filter losses within the lock-in range.

Fig. 11 illustrates the gain-synchronization curve of the

70-MHz SO with harmonic injection at 140 MHz. We

notice the phase shift is i450 due to the division process
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Fig,

Fig, 12.

11. Harmonic injection at 140 MHz into a 70-MHz SO.

3z, filter
netted to the input.

b:y the SO and the “gain-attenuation” level and skirt

selectivity are dramatically increased with a gain scale of

10 dB/div. Fig. 12 demonstrates the gain-synchronization

curve of the same SO with a 140-MHz filter cormected to

the input. We notice further enhancement of skirt selectiv-

ity and out-of-band attenuation. The former is approxi-

mately 24 dB/10 kHz in contrast with a three-section filter

of 24-dB/3.6-MHz skirt selectivity. The performance en-

hancement with cascaded SOS will be described in the

section on Carrier Recovery.

B. Frequency Division with SO’s

SOS can divide by integers as well as rational integer

numbers [20], such as 4, 1/4, and 3/2. Fig. 13 illustrates

the injected waveform and the oscillator waveform in a

division-by-l/4 process. We observe the synchronization

occurs when the input waveform is at its maximum and the

output waveform at it minimum. Fig. 14 depicts a division

process by 3/2 where every third injected waveform syn-

chronizes every second oscillator waveform. As the syn-

chronization between the injected carrier and the oscillator

waveform occurs at only one point in time, there cannot be

false lock when SO’s are employed in burst modem appli-

cations. Each division process by 2 reduces the phase shift

between input and output of the SO by 900.

~. Storage Time in SO’s

Another interesting and useful feature of the SO is its

capability to store or retain input frequency information.

The degree of storage depends upon the input signal level.

Fig. 13. Synchronization in a divide-by-l/4 process.

Fig. 14. Synchronization in a divide-by-3/2 process.

Fig. 15. Storage in an SO with – 12-dBm signal drive

This feature of the SO is especially useful in clock recovery

networks [21 ] when the data consist of a time sequence of

all “ones” or all “zeros” for an extended period of time,

whereby no synchronization pulses are provided to the SO.

During this period of time the SO continues to oscillate at

the frequency or near the frequency of the original data

transitions. Figs. 15 and 16 show the memory time of an

SO driven by -12 and -3 dBm, respectively. During the

positive pulses the injection frequency is applied to the SO,

whereas during the negative pulses the SO is free-running.

A phase detector detects the phase error between the

injected carrier and the output of the SO and displays the

error on a scope. When the SO is injected with the external

carrier, the SO is synchronized and the phase detector

supplies a dc output to the scope. In the absence of signal

injection, the SO tries to return to its natural frequency

and the difference of frequency appears on the scope. The

time for the SO to return to its natural frequency is

considered as the storage time.3 While the SO tries to

3In general, clock recovery networks operate with signal-to-noise levels
well above O dB and sufficient signal drive to utilize the inherent memory
or storage in S0’s.
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Fig. 16. Storage in an SO with – 3-dBm signal drive.

return to its natural frequency, shortly after the injected

carrier is turned off in Fig. 15, the phase detector output

level remains at dc through the turn-off time in Fig. 16

indicating a higher storage time.

D. Acquisition Time in SO’S

We can estimate the acquisition time of an SO which is

synchronized by its natural frequency (i.e., low offset). In

this case, (15) can be written as

2C3F0 1
~ (1 percent) ~ L = — ‘. (16)

K G.l~ = 7r(2A~) = TA~O

For a 70-MHz SO with a 2-MHz tracking range we have

the following measured parameters:

fO = 70 MHz G.l = 100 mA/V 7i=2mV

AfO=2 MHz c3=8pF 170=2v

which yields an acquisition time r = 160 ns in agreement

with experimental results on SOS below 100 MHz. At

higher frequencies the acquisition time becomes larger due

to the input time constant of the SO and wiring/parasitic

effects. The frequency offset affects the acquisition time

when A~ + K. In general, the maximum frequency offset

in communication systems does not exceed ~ 100 kHz,

which justifies the approximation in (16).

E. SO’s in the Nonfundamental Mode of Operation

We have discussed, in connection with Figs. 11 and 12,

the performance of an SO with harmonic excitation. For

example, a 70-MHz SO can be synchronized by 140, 210,

280 MHz, etc., and an output signal recovered through a

bandpass filter. This output signal possesses superior sig-

nal-to-noise characteristics when compared with 70-MHz

excitation, which is called the fundamental-mode of op-

eration. The harmonic excitation or nonfundamental mode

of operation is an important property of the SO and is

enhanced by the nonlinear operation of the SO, which

creates a high harmonic content in the output signal. For

example, an SO which has a 130-MHz free-running

frequency is synchronized by a 390-MHz carrier and the

output is recovered at 390 MHz. The waveform of this

specific SO is rich in the third harmonic ( – 36.2 dBm) as

shown in Fig. 17. Experimental SO’s with high third

harmonics when injected with third harmonics have shown

to have wide tracking range. Fig. 18 demonstrates the

Fig, 17, High harmonic content in the SO’s output waveform: 131 MHz
(-26.3 dBm); 262 MHz (-45.1 dBm); 393 MHz (- 36.2 dBm).

Fig. 18. Fundamental versus nonfundamental mode of operation: #1
— SO transfer function with fundamental (131-MHz) excitation;
# 2— SO transfer function with nonfundamental (393-MHz) excitation.

increase in tracking range for the harmonically pumped SO

over the SO in the fundamental mode. The tracking range

is increased by the order of the harmonic (N= 3) and the

sensitivity is enhanced by the increased third harmonic

content in the oscillator output signal. We should note that

the analysis presented in this paper deals primarily with

linear “pure” sinusoidal SO waveforms.

F. Filtering Properties of SO’S

Due to the narrow resolution bandwidth the input ther-

mal noise of the SO ( .Z~= 4 KTBR) is very low and thus

the input sensitivity very high. It is interesting that the

sensitivity (gain) increases as the input level reduces (see

Fig. 7). This is why an SO can track signals as low as – 100

dBm. The SO has two functional properties which de-

termine noise rejection (filtering): the skirt selectivity of the

tracking curve and the resolution bandwidth. The skirt

selectivity defines the same functional properties as a linear

filter is SOS operating in their fundamental mode. Steeper

skirt selectivity means higher number of poles and thus

better noise rejection [18], [19].

The SO has a resolution bandwidth similar to the oper-

ation of a spectrum analyzer. This is an important feature

of an SO which does not exist in other tracking networks,

such as phase-lock loops or Costas loops. In a phase-lock
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CdO

Fig. 19 Conventional filter transfer characteristics.

loop when the loop filter bandwidth is defined, both the

noise rejection and tracking range are fixed. They must be

compromised in a given design. In a SO the tracking range

and resolution bandwidth are independent of each other

and can be optimized individually. The resolution band-

width in an SO is a function of the internal regeneration

process or Q-multiplication and can be less than 1 kHz.

The external signal is incorporated in the regeneration

process instantaneously. This is why an SO can track

signals with – 40-dB signal-to-noise ratio. The skirt selec-

tivity of an SO can be improved by increasing the attenua-

ticm, not necessarily the gain. For example, Fig. 19 il-

lustrates the transfer characteristics of two bandpass filters

with three and five poles. The five-pole filter has steeper

skirt selectivity and higher out-of band attenuation and,

therefore, better noise-rejection properties. The bandpass

gain level remains almost the same while the skirt selectiv-

ity increases in the five-pole’ filter. The transfer characteris-

tics of four-terminal networks, whether linear or nonlinear,

display the same functional properties. High skirt selectiv-

ity and low resolution bandwidth are the basic require-

ments for improved noise rejection. The SOS attenuation

characteristics in the driven but unlocked region (see Fig.

3) are determined by the carrier injection level. Thus, two

SO’s which display the same relative transfer characteris-

tics and identical skirt selectivities may have completely

different noise rejection properties depending upon the

variation in G~’s. From (13) and Fig. 3 we can write the

out-of-band attenuation as

attenuation (dB) = – 20 log [2 Ati/K ]

= – 20 log [4c~,Lb/G&] . (17)

Other factors remaining the same, the SO which has the

lower G~~. product possesses the higher out-of-band rejec-

tion and steeper skirt selectivity. Fig. 20 illustrates two

gain-synchronization curves for the same SO with (#2)

and without (#1) an input filter to alter operating condi-

tions. Thus, SOS require the specification of the carrier
injection level ~. and the gain G~l in order to assure

uniform absolute transfer characteristics.

An SO exhibits high noise rejection while maintaining a

wide tracking range. To illustrate the interesting properties

of an SO we have performed noise measurements with the

setup shown in Fig. 21. The carrier source is appfied while
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Fig. 20. Transfer characteristics of an SO with and without input filter.
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Fig. 21. Experimental determination of SO performance under noise
injection.

the noise is inhibited and vice-versa to determine the

carrier and noise power across the 50-!2 load. The carrier

and noise sources are actuated and the output of the

hybrid combiner H is applied to the SO. The 140-MHz

bandpass filter with 45-MHz bandwidth serves as the

reference for the injected carrier-to-noise level.
Fig. 22 shows the gain-synchronization curve of a 140-

MHz SO with a – 36-dBm carrier injection level while

maintaining a 700-kHz tracking range. The carrier injec-

tion at the input of the SO is 4 mV. Fig. 23 shows the

gain-synchronization of the same SO under a – 11-dB

carrier-to-noise power (same signal level). We observe the

tracking range of the SO is reduced by approximately 50

kHz. The input and output waveforms of the SO under

these noise conditions are illustrated in Fig. 24. The car-

rier-to-noise ratio at the output of the SO is 28 dB with an

overall 39-dB improvement between input and output. In

order to achieve the same improvement with a linear

bandpass filter, the filter should have less than a 0.5-kHz

bandwidth in contrast with a 650-kHz tracking range of

the SO. Thus, the following conclusions may be drawn

from these experiments: 1) the noise reduces (slightly) the

tracking range; 2) the SO performs as a narrow bandpass

filter for each frequency it tracks (resolution bandwidth);
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Fig, 22, 140-MHz SO with – 36-dBm signal injection under low noise
conditions.

Fig, 23, 140-MHz SO with – 36-dBm signal injection and – 11-dB
carrier-to-noise ratio,

(a)

(b)

Fig. 24. 140-MHz SO of Fig. 23, (a) Input signal, (b) Output signaf

3) the SO has a tracking range which is 1300 times its

“effective” filtering noise bandwidth; and 4) as phase is a

function of tracking range (see (14)), the phase error per

frequency offset remains low. Thus, the SO is an adaptive

wide-band tracking filter which has a very low resolution

bandwidth and “locks” to the injected carrier within the

II::AI
FREQ.
IM MHZ ’97 1 I

69.6

69.5

t
I

2 3456

SUPPLY VOLTAGE

VOLTS

Fig, 25. Variation of SO’s free-running frequency c+
supply voltage ~.

7

as a function of

tracking range with a high degree of noise rejection, while

maintaining wide tracking range.

Due to resolution bandwidth SO’s have substantially

higher noise rejection properties than phase-lock loops and

Costas loops for a given tracking range. The SAW devices,

however, which have higher Q than LC filters, still are far

behind in noise rejection compared to S0’s.

G. Temperature Compensation of an SO

The frequency stability of an SO is influenced by tem-

perature and supply voltage fluctuations. In practice, we

desire a stable free-running SO frequency under high tem-

perature and a reduced phase error caused by frequency

offsets. Fig. 25 illustrates the variation of the SO’s free-run-

ning frequency as a function of supply voltage. Experimen-

tally the free-running frequency of the SO decreases as the

temperature increases. Thus, we can temperature com-

pensate the SO by the insertion of a negative temperature

coefficient resistor in series with the power supply. For

example, a 560-MHz carrier recovery SO demonstrates a

30-ppm stability (16.8-kHz frequency drift) with a de-

terioration in the BER of only 0.3 dB between 150 C and

31° C when operated over a 24-h period.

H. Carrier Recovery with SO’s [22] - [24]

SO’s may be used as both carrier and clock recovery

networks in QPSK modems. Carrier recovery requirements

are more demanding than their clock recovery counterparts

because of the low carrier-to-noise levels and the need for a

wider tracking range. Thus, we will concentrate on the

carrier recovery network as shown in Fig. 26. In this

example, a 70-MHz IF is applied through a noise source to

4 X frequency multiplier whose output is applied to a 280-

MHz bandpass filter. The carrier-to-noise ratio at the

output of the combiner is – 3 dB. The output of the filter

is amplified and applied to the 70-MHz SO. In the process

of multiplying there is a – 40-dBm power loss and a

– 18-dB degradation in the carrier-to-noise ratio. The 280-

MHz filter bandwidth is maintained at 10 MHz so as not

to disturb the acquisition time. The 70-MHz SO is injected

with the 280-MHz carrier and the output recovered at 70

MHz. Figs. 11 and 12, previously discussed, illustrate the
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COMBINER 14 riB 280 MHZ

7JHz+=f)~P-+1++

BW = 10 MHz

C/N = -3dB

NOISE

70 MHz

- ij&Eco:RRER

280 MHz

Fig, 26. SO carrier recovery network.

gain synchronization curves of the SO carrier recovery

network with and without the 280-MHz filter, respectively.

The acquisition time of the carrier recovery network when

the injected frequency is offset by 100 kHz from the

free-running frequency is shown in Fig. 27. These results

indicate acquisition occurs in less than 400 ns for the

100-kHz offset and less than 100 ns in the absence of

frequency offset, Theoretical calculations based upon (15)

for harmonic excitation (N= 4) indicate the acquisition

time should be 160 ns, in excellent agreement with ol&erva-

ticms since experimental results include the delay time

through the filter and the coupling networks. The input to

the SO contains all the multiplication products and the

filter characteristics of the SO are sufficient to remove

these harmonics.

Clock and carrier recovery networks constructed with

SO’s have been tested in QPSK modems. The maximum

deviation of the Eb/No ratio4 (i.e., carrier-to-noise ratio at

the output of the 70-MHz bandpass filter for a 60-Mbit/s

data rate) from the theoretical value is 0.5 dB. The maxi-

mum deviation increases to 0.9 dB for a 150-kHz IF

frequency offset. The unique synchronization properties of

the SO (see Figs. 13 and 14) enable modem operation in

the burst mode without false-lock. A test was carried out

with no false-lock in the burst mode during a four-day

operation period. The introduction of an interference sig-

4Eb/,No (dB) = C/N (dB) — 10 log ( B W/BR ), where C = carrier power,
N = noise power, B w is the bandwidth of the IF filter, and BR the bit
rale.

nal, after acquisition to the synchronizing signal, does not

disturb the original synchronization process. The SO re-

mains locked to the synchronizing signal even though the

interference signal has a comparable power level. The SO

performance is illustrated in Figs. 28 and 29 for 60- and

120-Mbit/s modems. SO performance is superior to stan-

dard PLL hardware. The BER curve deviates only 0.2 dB

from the hardwired case. The insignificant change in the

BER performance due to frequency offsets and the im-

proved performance over the standard recovery networks,

using various versions of phase-lock loops, indicate the SO

has a wider tracking range and higher noise rejection.

The 120-Mbit/s modems were tested in back-to-back

operation and also while connected to the TDMA terminal.

Tests were performed with a pseudorandom sequence of

215 – 1 bits. The carrier recovery network shown in Fig. 26

was used for the 120-Mbit/s modem. The 140-MHz SO

was driven by 56(I MHz. Due to high losses at 560 MHz

(38 dB) on the standard PC board the signal-to-noise ratio

was low and the tracking range was reduced to 300 kHz at

Eb/NO = 7 dB. For wider tracking range two cascaded

SO’s were used to reduce the phase shift per unit frequency

offset. The difference between the latter and the former

BER results can be detected when the frequency offset

exceeds +20 kHz. At lower frequency offsets the two BER

results are the same as shown in Fig. 29. The unique word

consists of two consecutive 12 bits. The preamble consists

of 176 symbols, 48 of which are for carrier recovery and

128 for clock recovery. The guard time between bursts is

variable and can be reduced to zero. The input to the

receiver is + 2 to – 10 dBm. An AGC is used with a

+ 6-dB dynamic range.

In certain applications, we may desire additional perfor-

mance enhancement in SO synchronization networks. We

have performed experiments with two cascaded SO’s by the

insertion of a 280-MHz SO between the 280-MHz filter

and the 70-MHz SO in Fig. 26. In addition, we have

isolated the two SOS with 3-dB pads. The gain and phase

synchronization curves are shown in Fig. 30. The cascaded

SO carrier recovery network displays over l-MHz tracking

range with an injected carrier to noise (before the 4 X

frequency multiplier) of – 3 dB, while its single SO coun-
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Fig. 30. Gain-phase characteristics for a cascaded carrier recovery net-
work— SOl = 280 MHz, S02 = 70 MHz.

8-dB improvement in the 280-MHz filter. In general, car-

rier recovery networks operate with carrier-to-noise ratios

above O dB at the system input; therefore, cascaded oper-

ation of SO’s in carrier recovery when the IF is under 140

MHz is usually not necessary.

IV. CONCLUSIONS

The synchronous oscillator (SO) is an important func-

tional element for synchronization and tracking in com-
terpart, under identical conditions, displays a 150-kHz munication systems. An SO is characterized by an adaptive
tracking range. In addition, the gain of the cascaded net- instantaneous tracking bandwidth proportional to the mag-

work is over 50 dB (see Fig. 30) as compared with 25 dB nitude of the input signal, while noise rejection is based

for the sipgle SO network. The actual carrier-to-noise ratio mainly upon very narrow resolution bandwidth produced
at the input of the SO networks is —13 dB due to the by the regeneration process of the oscillator. In the track-
– 18-dB deterioration in the 4 X multiplier and subsequent ing range (i.e., the “lock-in” region) the output signal
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amplitude remains constant and unaffected by variations

in the input drive level; however, the output phase is

modulated to synchronize and track the input signal even

to power levels as low as – 100 dBm while sustaining a

18-kHz tracking range. Thus, the SO performs like a nar-

row-band adaptive filter with an instantaneous tracking

bandwidth, high skirt selectivity, and narrow resolution

bandwidth for high noise rejection. Single SO carrier re-

covery networks have demonstrated improvement by 40 dB

of the input signal-to-noise ratio, while maintaining a

800-kHz tracking range at input signal-to-noise level of

--11 dB. Cascaded SOS under the same conditions have

demonstrated a 60-dB improvement while extending the

tracking range to 1.6 MHz. The acquisition time of the SO

is inversely proportional to the tracking bandwidth (2 Ati =

G~~/C~O) for low-frequency offset. For example a 70-

MHz SO can perform phase acquisition in less than 400 ns

and track a 140-MHz carrier with an input signal-to-noise

ratio of – 40 dB while maintaining a 400-kH~ tracking

range. Extending the tracking range to 2 MHz in the same

SO provides acquisition times less than 100 ns. The ability
to achieve high-speed phase acquisition is an important

feature in burst-modem applications. In addition to sensi-

tivity, filtering (selectivity), wide tracking range, and fast

acquisition, the SO possesses linear phase-shift characteris-

tics for the useful tracking range which provides a constant

group delay. The high internal gain of the SO reduces the

steady-state phase error in synchronization to a low value

(4,, = As/K) where da is the frequency offset and K the
injection constant defined by (14). An important aspect of

SO’s, especially in clock recovery networks, is an inherent

memory (storage time) corresponding to 20 – 25 bits which

may be adjusted so as not to deteriorate the acquisition

time and BER. SO’s may be used in applications other

than carrier and clock recovery networks for modems. For

example, SO’s are excellent RF filters and integer (non-

integer) frequency dividers/multipliers. In addition, SO’s

may be used as synchronization networks for minimum

shift keying (MSK), phase-shift keying (PSK), and spread-

spectrum communication systems. SOS can be used also in

FM to improve selectivity and carrier-to-noise levels. (The

BER results obtained on 60 and 120-Mbit/s QPSK

modems indicate SOS can perform high-speed synchroni-

zation and tracking, especially in burst-mode operation,

with performance near hard-wired transmission (0.4 dB

from theory) without false locks and with long-term stabil-

ity at elevated temperatures.)

This paper has described a new synchronization and

tracking network, the synchronous oscillator (S0). We have

discussed a particular application, namely, carrier and clock

recovery in high-speed QPSK modems operating in the

burst-mode; however, the useful properties of SO’s ex-

tended well beyond the subject of this paper and impact

applications where synchronization and tracking of signals

embedded in noise are desired. The concepts presented in

this paper can be realized together with support circuitry

on a single integrated chip with RC-type continuous or
switched capacitor filters.
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