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[57] ABSTRACT

The loop signal-to-noise ratio is improved in a phase-
locked loop used for tracking a carrier in an angle
(phase or frequency) modulated communications
system by a quadrature channel added to the phase-
locked loop. A d-c signal derived from the quadrature
channel is added to the signal fed back to the voltage
controlled oscillator in the otherwise conventional
phase-locked loop.

6 Claims, 2 Drawing Figures
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DATA-AIDED CARRIER TRACKING LOOPS tiplied together to form a third product. That third
product is multiplied by the input signal delayed by an

ORIGIN OF INVENTION ^^ ^ wjre ^/^ ^J^ of J e J^

The invention described herein was made in the per- D3 is equal to the least common multiple of T, and Tz,
formance of work under a NASA contract and is sub- 5 the reciprocals of the intelligence rates in the two chan-
ject to the provisions of section 305 of the National nels, and the delay periods of the elements D, and D2
Aeronautics and Space Act of 1958, Public Law are equal to T3—T, and T3-T2, respectively.
85-568 (72 Stat. 435; 42 DSC 2457). The novel features that are considered characteristic

of the invention are set forth with particularity in the
BACKGROUND OF THE INVENTION 10 appended c|aims. ^ inventioi/wil, best be un.

This invention relates to phase-locked loops for derstood from the following description when read in
tracking carrier signals which have been angle (phase connection with the accompanying drawings,
or frequency) modulated, and more particularly to an BRmF DESCRIpT,ON OFTHE DRAW1NGS
improvement for enhancing the loop signal-to:noise 15
ratio in such phase-locked loops. FIG. 1 is a schematic diagram of the present inven-

In conventional phase-locked loops used to track a tion for use in a single channel communications system,
carrier in a communications receiver, only the power in FIG. 2 is a schematic diagram of the present inven-
the carrier has been used for purposes of establishing a tion illustrating an extension of the present invention
coherent reference signal. This is because ordinarily 20 for use in a communications system having two chan-
the modulated subcarrier component of power is fil- nels.
tered out by the carrier tracking loop filter. It would be
very desirable to use that component of power as well DESCRIPTION OFTHE PREFERRED
as power in the carrier to establish a coherent reference EMBODIMENTS
signal. 25 Referring now to FIG. 1 a phase-locked loop is

SUMMARY OF THE INVENTION 'h°wn T̂ !!"8 °f * •muI
I
tiplier, 10' SUCh a.s a d°uble:balanced diode mixer, a loop (time invariant linear)

Briefly, the loop signal-to-noise ratio is improved in a filter 11 and a voltage controlled oscillator (VCO) 12.
phase-locked loop having a multiplier, a loop filter, and This standard phase-locked loop is improved in ac-
a voltage controlled oscillator (VCO) by including a cprdance with the present invention by adding a second
quadrature channel which adds to the VCO control signal to the VCO control signal through an adder 13,
signal from the filter a second control signal derived such as an analog summing amplifier. The second
from the power in the input signal sidebands. For a sin- signal is a d-c component of the VCO control signal
gle channel system, where the input signal consists of a 3J that is proportional to the power in the modulated sub-
carrier modulated by an intelligence (e.g. data or carrier in order that the power in the composite signal
sync), the quadrature channel comprises means for sidebands be used to enhance the signal-to-noise ratio
phase shifting the VCO output by 90°, means for mul- in the carrier tracking loop.
tiplying the input signal to the phase-locked loop with The second control signal is developed in a quadra-
the phase-shifted VCO output, means for delaying the 4Q ture channel consisting of a 90° phase shifter 14, a
resulting product signal by a time delay equal to the second multiplier 15, a delay element 16, a third mul-
reciprocal of the intelligence rate, and means for mul- tiplier 17 and a loop filter 18 which is of a type having
tiplying the delayed product signal by a signal the same characteristics as the standard loop filter 11,
representing the product d (1) S (t), where d (t) is a and can be identical to it, although for optimum results,
signal representing an estimate of the data produced by 45 a separate design may be desired in some cases. The
a data demodulator, and 5 (/) is an estimate of the data delay period of the element is selected to be the
produced by a subcarrier demodulator. The output of reciprocal of the data rate in order to align the output
the last multiplying means is coupled by a loop filter to of the multiplier with a signal that represents an esti-
a summing means for adding the second control signal mate of the modulated subcarrier produced by mul-

, to the normal VCO control signal. 50 tiplying the output signal of a subcarrier demodulator
For a multi-channel system, where a carrier is modu- 20 in a multiplier 21. Thus the estimate is the product

lated by a number of intelligence modulated subcar- d(t) $(/) where J(/) js the estjmate of output data from
riers, a multi-dimensional extension of the present in- the data demodulator and S(t) is the estimate of the
vention can be employed to produce a "second" con- reference subcarrier from the subcarrier demodulator,
trol signal to be added to the VCO control signal for 55

 The received signal is typically a Doppler-shifted,
each channel, and/or for each possible pair of channels phase-shifted, noise-corrupted waveform of the follow-
to receiver power from all possible cross-modulation ing form:
components, and/or for each possible groups of three _—
channels, and so forth. In each case of two or more *<'> = VI^sm [".^cor XJx.O) +
channels grouped together, a delay element is em- «> (cos-'«,)xf(t)+ft]+/iI(t). (D
ployed in each channel selected to align the phases of where: x,(t) is the modulated subcarrier No. 1; -r2(f) is
signals being multiplied, and a delay element is em- modulated subcarrier No. 2; cos~'mi and cos~'m2 are
ployed to align the phase of the product with the input weighted constants which allocate the proper amount
signal. For example, in a two channel system, the of available sideband power to each signal; and P, is the
product d t(t) 5|(i) is delayed by an element DI while total average radiated power. After transmission, the
the product <?2(«) S2(<) is delayed by an element D2 in channel introduces an arbitrary (but unknown) phase
order that these two products be in phase when mul- shift 0t in the transmitted waveform and further
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disturbs it with additive white Gaussian noise n,(f ) of
single-sided spectral density N,,,W/Hz. The additive
noise process n,( t ) may be represented by

n , ( t )= ^ll«,r(/)cos(<o1H-flIH-AI,.(/)sin(o>1/+«1)](2)
where n l c(t) and «,.(/) are statistically independent
white Gaussian noise processes of single-sided spectral
density N01W/Hz. It is further assumed that the spec-
trum of processes n l c(t) and «„(/) covers a bandwidth
which is wide when compared with a bandwidth of the
transmitted signal. Using a simple trigonometric expan-
sion, and using the relat.onship *,(/) = ±1 and x t(t) =
±l .Equat ion(l ) inaybewnttenas follows:

.).(» = V2Wm,'p,sin(a..rt0,)+ (3)

to

| carrier component

2/«2
2( i-mt

I)/Vl(f)cos(cii,'-i4l)+

. . ..- ,
subcamer component No. I 20

V 2m,"( i- m,z)/v,«)cos(<o,»+0,)-

subcarrier component No. 2

V2( i-m,')( i-m.1)/?tx.(fW'»)siri(o»i-+*.

cross-mention'' ' ' |
loss component

The carrier component is a sine function while the two JQ
subcarrier components are cosine functions. Ac-
cordingly, the reference signal from the VCO must be
phase shifted 90° in order to develop for the second and
third control signals a d-c component that is proper-
tional to the powers in the particular (respective) 135
modulated subcarriers and in phase with the VCO con-
trol signal from the conventional part of the phase-
locked loop. When added to the VCO control signal,
that d-c component effectively increases the amplitude
of the loop phase detector (characteristic without alter- 40
ing its shape) in proportion to the power in the signal's
sidebands, thereby providing greatly improved signal
tracking capability. In that manner, a signal represent-
ing the product d(t) 5(0 is formed as an estimate of the
modulated subcarrier which when fed into the carrier 45
tracking loop is effectively used to recover the power in
the sideband components for carrier tracking purposes.
Ordinarily, this component of power is lost because it is
filtered out by the carrier-tracking loop filter 11.

'The amplitude of the loop phase-detector charac- 50

teristic is also increased in proportion to the phase jitter
in the subcarrier tracking loop, and the conditional
probability of error of the data demodulator. The latter
depends upon both the subcarrier and RF phase errors,
so that the exact solution to the problem involves a
two-dimensional iteration. However, cursory examina-
tion of subcarrier and phase errors indicates that
degradations attributable to them are small relative to
that caused by the carrier tracking loop error. There-
fore, essentially all of the sideband power can be
recovered and used to improve the carrier tracking
loop. As an example, assuming equal first order loop
filters and zero detuning, the loop signal-to-noise ratio
improvement realized in the above data-aided tracking 65

loop relative to that of the standard phase-locked loop
is bounded from above by / = ( l+GA/)z/( 1+2). In the
above, G = KJKV is the ratio of the open loop gain in

thejower half of the loop to that in the upper half, and
M = V ( 1— m*)/m2 where m is the modulation factor.
For a fixed m, the optimum value of G (in the sense of
maximizing /) is given by G opl = M. The current state
of the art demands that m* > 0. 1 and hence the max-
imum improvement in loop signal-to-noise ratio per-
formance for one-way tracking systems is, under the
above assumptions, /=10(or lOdb).

In cornrnunication systems having a plurality of intel-
ijgence modulated subcarriers, a separate quadrature
,oop may ̂  added for each such modulated subcarrier
jn para,,el wkh the Qne showiyin FIG , such that each

quadrature loop functions independently, but
cooperates with all others through the contribution its
output makes to the VCO control signal upon being
added to the output signal of the filter 11. In addition,
crops-modulation losses between all possible pairs of
subcarrier channels can be recovered and used for car-
rier tracking purposes.

The recovery of cross-modulation losses using the
technique of the present invention is illustrated for two
subcarrier channels. To facilitate understanding this
extension of the present invention, elements common
to F|G ! are identified by the same reference nu-
merals. However, as will be explained more fully, the
period of delay to be introduced by the element 16' is
different, as signified by the prime.

A separate subcarrier demodulator (SCD) and data
demodulator (DDM) is provided for each subcarrier
channel. An SCD 22 and a DDM 23 for the first chan-
nel provide an estimate of the modulated subcarrier
<?,(/) S,(t) through a multiplier 24. An SCD 25 and a
DDM 26 similarly provide an estimate of the modu-
lated subcarrier dt(t) S2(t) for the second channel
through a multiplier 27. The two terms are then com-
bined after suitable delays by a multiplier 28 to form an
estimate of the cross-modulation ^,(t)d t(t)S(t)S(t).

In order to form the estimate of the cross-modula-
tion, the channel output terms being combined must be
delayed by particular delay times in order for their
phases to be properly aligned. To determine the delay
times for elements 29 and 30 which accomplish that,
the delay element 16' is selected to have a delay T3

which is the least common multiple. of the reciprocals
of the data rates in the two channels. The delays D, and
D2 for the elements 29 and 30 are then selected to be
T3— T, and T3— Tz, respectively, where T, and T2 are the
reciprocals of the respective first and second data
channels rates. That assures that the cross-modulation
signal to the multiplier 17 is in phase with the signal
from the delay element 16'.

For a multiple channel system, a composite of the
techniques of FIGS. 1 and 2 may be employed to
recover not only the subcarrier power of individual
modulated subcarrier channels but also of all possible
cross-modulation signals taken in groups of two, three,
and so forth, up to the one possible cross-modulation
signal of all taken together as one group. However, as
most communications system will have only one or two
channels, either the technique as applied in FIG. 1 or
FIG. 2 will suffice, and in the case of two channels, the
technique as applied in FIG. 1 for each of the two chan-
nels can be added to the technique for the cross-modu-
lation component as applied in FIG. 2. The adder 13
would then be provided with two additional inputs to
form the VCO control signal.
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It should be noted that in the application of the
technique of the present invention to recovery of cross-
modulation power, a phase shifter is not employed as in
the application of the technique to recovery of power
from individual modulated subcarrier channels. The
reason is apparent from Equation (3). The cross-modu-
lation component of the input signal is a sine function,
and not a cosine function as for subcarrier components
No. 1 and No. 2. Therefore, the reference signal need
not be shifted 90° to form a cosine product to be mul-
tiplied by a cosine product from the multiplier 28.

Although particular embodiments of the invention
have been described and illustrated herein, it is recog-
nized that modifications and variations may readily
occur to those skilled in the art and consequently it is
intended to cover such modifications and equivalents.

What is claimed is:
1. In a phase-locked loop having a conventional d-c

control signal fed back to a voltage controlled oscilla-
tor for tracking a carrier signal applied to said loop in
an angle modulated communications system having
said carrier signal modulated by at least one intel-
ligence modulated subcarrier, the improvement com-
prising:

means for phase-shifting the a-c output of said oscil-
lator;

means for multiplying said carrier signal by the out-
put signal of said phase-shifting means to produce
a product signal;

means for delaying said product signal by a delay
time equal to the reciprocal of the intelligence rate
in one subcarrier modulated onto said carrier
signal to provide a delayed product signal;

means for forming a signal representing an estimate
of said modulated subcarrier power as the product
of demodulated subcarrier and demodulated intel-
ligence;

means for multiplying said delayed product signal by
said power estimate signal to produce a final
product signal;

means for filtering said final product signal to
produce a d-c component signal proportional to
the power of said modulated subcarrier; and

means for adding said d-c component signal to said
control signal fed back to said voltage controlled
oscillator.

2. The improvement defined by claim 1 wherein said
means for forming said signal representing an estimate
of said modulated subcarrier power comprises:

means for demodulating said carrier signal to obtain
a first signal representing an estimate of said sub-
carrier modulated onto said carrier;

means for demodulating said subcarrier signal to ob-
tain a second signal representing an estimate of
said intelligence modulated onto said subcarrier;
and

means for multiplying together said first and second
signals.

3. In a phase-locked loop having a conventional d-c
control signal fed back to a voltage controlled oscilla-
tor for tracking a carrier signal applied to said loop in
an angle modulated communications system having
said carrier signal modulated by a plurality of intel-
ligence modulated subcarriers, the improvement com-
prising:

means for multiplying said carrier signal by the out-
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put signal of said oscillator to produce a carrier
product signal;

means for forming a power estimate signal represent-
ing an estimate of the power of said intelligence
modulated subcarriers as the combined product of
demodulated subcarriers and demodulated intel-
ligence signals, said estimate forming means in-
cluding means for aligning the phases of demodu-
lated subcarriers and demodulated intelligence
signals;

means for delaying said carrier product signal by a
period sufficient to align said carrier product
signal with said power estimate signal;

means for multiplying said delayed carrier product
signal by said power estimate signal to produce a
final product signal;

means for filtering said final product signal to
produce said d-c component signal proportional to
the power of said modulated subcarriers; and

means for adding said d-c component signal to said
control signal fed back to said voltage controlled
oscillator.

4. The combination of claim 3 wherein said means
for forming said power estimate signal comprises:

means for separately demodulating said intelligence
modulated subcarriers to obtain signals represent-
ing estimates of said subcarriers modulated onto
said carrier;

means for separately demodulating said subcarriers
to obtain signals representing estimates of said in-
telligence signals modulated onto said subcarriers;

means for multiplying said estimate signal of each
subcarrier by said estimate signal.of its intelligence
signal to obtain product signals;

a plurality of delay means for delaying each product
signal by a period equal to the intelligence rate of
its intelligence signal; and

means for multiplying together the output signals of
said plurality of delay means.

5. In a phase-locked loop having a control signal fed
back to a voltage controlled oscillator for tracking a
carrier signal applied to said loop in an angle modu-
lated communications system having said carrier signal
modulated by at least two intelligence signal modulated
subcarriers, a quadrature channel added to said phase-
locked loop, comprising:

means for multiplying said carrier signal by the out-
put signal of said oscillator to produce a carrier
product signal;

means for forming a power estimate signal represent-
ing an estimate of the power of said two intel-
ligence modulated subcarriers as the combined
product of demodulated subcarriers and demodu-
lated intelligence signals, said estimate forming
means including means for aligning the phases of
demodulated subcarriers and demodulated intel-
ligence signals;

means for delaying said carrier product signal by a
period sufficient to align said carrier product
signal with said power estimate signal;

means for multiplying said delayed carrier product
signal by said power estimate signal to produce a
final product signal;

means for filtering said final product signal to
produce a d-c signal proportional to the power of
said modulated subcarriers; and
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means for adding said d-c signal to said control signal
fed back to said oscillator.

6. The combination of claim S wherein said means
for forming said power estimate signal comprises:

means for separately demodulating said two intel-
ligence modulated subcarriers to obtain an esti-

mate of said two subcarriers modulated on said
carrier;

means for separately demodulating said two subcar-
riers to obtain an estimate of said intelligence
signals modulated on said two subcarriers;

10

8
means for multiplying the estimate of each subcarrier

by the estimate of its intelligence signal to obtain
first and second products;

first delay means for delaying said first product by a
period equal to the intelligence rate of its intel-
ligence signal;

second delay means for delaying said second product
by a period equal to the-intelligence rate of its in-
telligence signal; and

means for multiplying the output signals of said first
delay means and said second delay means.
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