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receive signal. The processing circuitry further comprises
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SYSTEM AND METHOD FOR
DETERMINING AND CONTROLLING GAIN
MARGIN IN AN RF REPEATER

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE 10O RELATED
APPLICATIONS

This application is a reissue of application Ser. No.

12/635,887, filed Dec. 11, 2009 which issued as U.S. Pat.
No. 8 948,687.

FIELD OF THE INVENTION

The present invention 1s directed generally to repeaters or
signal repeating devices for wireless communications, and
more particularly to an apparatus and method for determin-
ing and controlling gain margin 1n signal repeating systems.

BACKGROUND OF THE INVENTION

In existing wireless technologies, signal repeating
devices, or “repeaters” are used to extend the coverage of the
overall wireless system beyond traditional base stations. For
example, an overall wireless system may consist of a plu-
rality of base stations that communicate with each other and
operate to provide a defined coverage area. In such coverage
areas, there are often smaller geographical areas that have
very low signal reception with respect to one or more of the
base stations. For example, such areas of low signal cover-
age may be within buildings or areas that are otherwise
obstructed. Rather than implementing another costly and
large base station to provide coverage to such low signal
areas, repeaters are utilized.

A repeater essentially has a donor antenna that 1s 1n
communication with one or more base stations. The repeater
receives downlink signals from the base station, processes
and amplifies those signals, and then re-transmits or
“repeats” those signals through a coverage antenna into the
area that otherwise has low signal reception or low signal
power. Signals from mobile devices, such as wireless phones
or other equipment, send any uplink signals back to the
repeater, and that uplink tratilic 1s repeated back to a base
station.

For example, referring to FIG. 1, a basic wireless com-
munication system 10 might include a base station 12 that
communicates with a repeater system 14 having a donor
antenna 16, a coverage antenna 18, and processing electron-
ics 20 that are positioned between the antennas 16 and 18 to
process and amplily the repeated signal. Accordingly, down-
link wireless signals 22 are received by the donor antenna 16
of the repeater, and are then amplified and repeated through
the coverage antenna 18 as downlink signals 22a. The
downlink signals 22a are received by one or more wireless
communication devices, such as mobile phones 24. Simi-
larly, n an uplink direction, as indicated by reference
numerals 26 and 26a, the wireless device 24 communicates
signals 26a back to the coverage antenna and the repeated
signal 26 1s then provided as an uplink signal back to the
base station 12. As would be readily understood by a person
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2

of ordinary skill in the art, such repeater systems 14 can take
many diflerent forms and are not limited only to devices
conventionally called “repeaters”.

Some repeater systems provide frequency translation in
the repeated signals such that signals received from the base
station by the repeater are then transmitted at a different
frequency to the mobile devices or other wireless devices. In
such a scenario, signal 1solation between the antennas and
the problems with feedback from the transmitter coverage
antenna to the recerver or donor antenna 1s not a problem
because the signals handled by those different antennas are
at different frequencies, allowing the feedback signal to be
attenuated with a frequency selective filter. However, 1n a
non-translating repeater, the 1solation between the two
opposing antennas or sets of antennas can limit the perfor-
mance of the repeater.

I1 there 1s 1insuilicient attenuation or 1solation between the
transmit side output and the receive side input, then the
repeater can oscillate due to the feedback signals. This
causes significant performance problems. To ensure stabil-
ity, it 1s generally desirable to provide gain or amplification
in the repeater that 1s less than the 1solation between the
antennas. Generally, a repeater will be configured and oper-
ated to maintain a certain gain margin to determine how
close 1t 1s to operating 1n an oscillatory or unstable condition.
If the gain margin 1s too small, then the repeater’s gain might
be reduced or attenuated until the gain margin 1s above an
acceptable threshold.

Generally, when a repeater 1s 1nstalled or commissioned,
the antenna isolation between the receive and transmit
antennas can be measured, and the gain margin for the
repeater might be estimated by calculating the gain margin
as being the (antenna 1solation) minus (repeater gain). How-
ever, while such a gain margin determination and gain
setting may be suflicient at initial installation, such an
installation methodology for providing stability 1n a repeater
1s not adaptive. That 1s, the 1mitial settings and gain margin
do not take into account or accommodate any changes 1n the
antenna 1solation or any changes 1n the gain of the repeater.
Accordingly, 1t 1s desirable to periodically or continuously
measure gain margin during normal repeater operation, and
to then make the necessary adjustments to the repeater’s
gain to ensure stability.

During normal repeater operations, both the mput signal
(that 1s, the signal to be amplified and re-transmuitted) and the
teedback signal (that 1s, the unwanted signal that 1s fed back
from the transmit antenna) are combined i1nto one receive
signal at the recerve antenna. To measure the gain margin,
the level of each signal needs to be determined separately.
However, 1n a non-translating repeater, a problem with
separating the signals arises because the input signal and the
teedback signal are essentially the same signal with the same
frequency. The feedback signal 1s slightly delayed 1n time.

One possible way to separate the input feedback signal
would be to momentarily connect the repeated transmitter to
a test signal, and then measure the level of the test signal at
the receive mput of the repeater. Measuring the test signal in
the presence of the mput signal may be utilized to determine
the repeater’s antenna 1solation and gain margin. However,
during such a solution, the input repeater signal 1s not
transmitted during the time of the test signal. This causes a
momentary and undesirable interruption of the service of the
repeater. For example, it might lead to dropped calls or other
service interruptions in the coverage area of the repeater.

Accordingly, 1t 1s desirable to provide a repeater that has
adaptive gain margin measurements and adjustment while
continuing uninterrupted service.
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, 1llustrate embodi-
ments of the mnvention and, together with a general descrip-
tion of the invention given below, serve to explain the
principles of the invention.

FIG. 1 1s a schematic diagram of a repeater utilized within
a wireless system for incorporating an embodiment of the
present invention.

FIG. 2 1s a circuit block diagram of a repeater incorpo-
rating one embodiment of the present invention.

FIG. 3 1s another circuit block diagram of a repeater
incorporating an embodiment of the present invention.

FIG. 4 1s another circuit block diagram of a repeater
incorporating an embodiment of the ivention.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

The present invention provides a signal repeating appa-
ratus, or a repeater that provides adaptive gain adjustment.
Particularly, the inventive repeater determines the gain mar-
ogin of the repeater and uses the measured gain margin to
adjust the gain of the repeater to avoid oscillation and
instability. The repeater modifies the repeated signals with
respect to the receive signals to decorrelate those signals so
that the gain margin may be determined. In one embodiment,
the modification 1s made using a frequency shifting circuit to
add a frequency shift and provide repeated signals that are
slightly frequency-shifted from the mput signals originally
received by the repeater. Processing circuitry uses the ire-
quency-shifted repeated signals to determine gain margin.
The processing circuitry then uses the measured gain margin
to adaptively adjust the repeater gain to maintain the desired
gain margin to prevent instability.

Referring to FIG. 2, a schematic block diagram of one
embodiment of the mvention 1s shown. A repeater 30 incor-
porates a receive antenna 32 (or donor antenna) for process-
ing mnput signals 31 or input signals, indicated as 1n(t). The
iput 1n(t) signals 31 represent the input signals to be
repeated, such as those that are transmitted from a source,
such as a base station 12 (See FIG. 1). Other sources might
also be utilized to generate the mput signals to be repeated.
The feedback signals 34 are also shown in FI1G. 2 along with
the repeated or transmuit signals 37 from transmit antenna 36
(or coverage antenna). The repeated or transmit signals 37
illustrated in FIG. 2 include the transmitted signals or signal
portions that are directed to wireless devices, such as cell
phones. As such, the feedback signals 34 reach the receive
antenna 32. The combination of the input signals 1n(t) 31 and
the feedback signals 34 are combined, in open space, and are
received by the receive antenna 32 1n an additive sense. The
combined input signals in(t) 31 and feedback signals 34
form the receive signal or signals 38 that are the input
signals for the repeater. Throughout the application, the
terms “‘signal” or “signals” are used interchangeably herein
to refer to the signal(s) handled by the repeater and are not
limited to just a single signal or plurality of signals.

For proper signal repeating, repeater 30 includes suitable
clectronics 40 coupled between the antennas 32, 36. Gen-
erally, such electronics will include adjustable gain circuitry
42 that provides a desired gain G 1n the repeater. In accor-
dance with one aspect of the invention, frequency shiit
circuitry 44 provides the desired signal modification and
frequency shift of the repeated signal 1n accordance with one
aspect of the mvention. Processing circuitry 46 1s utilized to
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4

provide the desired gain margin measurement and to suit-
ably adjust the gain G of the gain circuitry 42. To that end,
processing circuitry 46 1s appropriately coupled with the
gain circuitry 42, and 1s also configured to receive a portion
of the receive signal 38 and a portion 50 of the repeated
signal 52 that 1s then transmitted by antenna 36 resulting 1n
the transmit signal 37 and the feedback signal 34.

Generally, the input or receive signal 38 progresses
through repeater 30 to become the repeated signal 52.
Repeated signal 52 experiences a delay (d) relative to the
receive signal, which 1s considered the delay of the repeater.
Similarly, there will be a propagation delay (p) from the
transmit antenna 36 to the receive antenna 32 for the
teedback signal 34. Generally, there 1s a transier function 54
associated with the feedback signal 34 that provides a
teedback gain (F) to the feedback signal. As illustrated 1n
FIG. 2, the frequency shiit provided by circuitry 44 1is
designated as 1, ..

As may be appreciated, the block diagram of the Figures
and the description herein generally illustrates a downlink
signal path through the repeater 30, such as from a base
station 12 to the mobile devices 24 (See FIG. 1). However,
similar uplink path components would be used 1n the
repeater for the uplink direction. Therefore, the discussion
herein regarding the downlink signal path also applies to the
uplink path.

Retferring to FIG. 2, the repeater circuitry 40 might
process the signals 1n the analog domain 1n accordance with
aspects of the invention so that the circuitry components 42,
44, and 46 provide the desired amplification or gain, modi-
fication (Ifrequency shift), and processing in the analog
domain, respectively. Alternatively, electronics 40 of the
repeater might provide the various aspects of the invention
in the digital domain. As illustrated i FIGS. 3 and 4,
embodiments of the invention use combinations of digital
and analog components.

As noted, 1t would be readily understood by a person of
ordinary skill 1n the art that a return path, such as an uplink
path, would similarly process signals from the mobile device
24 back to the base station 12 in order to realize the
invention. However, discussion of the signal processing in
one path 1s made herein, with an understanding that gener-
ally the similar processing occurs and similar circuit com-
ponents are used in the signal path 1n the opposite direction
as well.

In accordance with one embodiment of the present inven-
tion, the mput signals or receive signals 38 are modified for
decorrelation by being frequency-shifted, utilizing a fre-
quency-shifting circuit 44 to provide transmission or
repeated signals that are frequency-shifted from the input
signals.

The disclosed embodiment of the present invention uti-
lizes an 1introduced frequency shift into the repeated signals
and cross-correlation of the repeated signals with the receive
signals 1n order to 1solate the feedback signals from the input
signals.

One way to separately measure the input signal and the
teedback signal 1s to autocorrelate the receive signal with
itself. Since the feedback signal i1s essentially a delayed
version of the mput signal, the feedback signal will appear
as a correlation peak at whatever time the feedback signal 1s
delayed. If the correlation peak of the feedback signal is
greater than the autocorrelation profile of the mput signal,
then the level of the feedback signal can be measured. This
method has the advantage in that the gain margin can be
measured while the repeater 1s operating. The method 1s
most effective when the repeater delay 1s greater than 2-4
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times the reciprocal of the modulation bandwidth of the
repeated signals because then the feedback signal 1s delayed
beyond that point where there 1s any significant autocorre-
lation due to the 1input signal itself. Such a methodology may
be suitable for high bandwidth signals like CDMA and
W-CDMA signals. However, narrowband signals have a
very wide correlation bandwidth. Therefore, the autocorre-
lation profile of the input signal 1s wide relative to typical
teedback delay of the repeater. Therefore, the autocorrela-
tion profile masks the feedback signal.

In one specific embodiment of the present invention, a
small frequency shift 1s added to the output of the repeater,
or 1s added to the repeated signals that are transmitted by the
repeater. The frequency shift decorrelates the input signal
and the feedback signal. This allows the level of the input
signal and the feedback signal to be measured separately by
cross-correlating the receive signal with the repeated signal.
One advantage of the invention 1s that the gain margin may
be measured while the repeater continues to operate and
provide service. Furthermore, 1t provides suitable gain mar-
gin measurements even when the autocorrelation profile of
the mput signal 1s very wide, such as for narrowband signals.
In accordance with one aspect of the mvention, the fre-
quency shift 1, 5 1s small so that it does not affect system
performance significantly.

The methodology of the invention operates based upon
the fact that a wide sense stationary random signal cross-
correlated with a frequency-shifted version of the same
signal that has gone through any linear, time-invariant
transformation has an average value of zero. Additionally, a
wide sense stationary random signal multiplied by the
complex conjugate of the same signal that has been fre-
quency shifted and that has gone through any linear time
invariant transformation has a phase that 1s uniformly dis-
tributed from —m to m with an average value of zero over
integer periods of the frequency shift. This property implies
that a correlation performed over integer periods of the
frequency shift will have an average value of zero. This
invention 1s applicable when the properties of the signals the
repeater operates on, or repeats, are or can be transformed to
be approximately similar to a wide sense stationary random
signal over the measurement interval and when the forward
and feedback path can be approximated as a linear, time
invariant transform over the measurement interval.

In accordance with one aspect of the invention, the
cross-correlations are performed over exactly an integer
number of periods of the frequency shift {, ; to msure that
the average cross-correlation phase 1s zero. Meeting that
criterion, the mvention minimizes the measurement period.
I1 the measurement 1s performed over a non-integer number
of periods, then the cross-correlation must be performed
over a long enough time such that the average phase 1s still
near zero.

In accordance with one aspect of the invention, a fre-
quency shift 1s provided to the repeated signal so that the
gain margin may be measured by comparing the level of the
input signal with the level of the feedback signal. To
determine the relative level of the feedback signal 34, the
repeated signal output indicated as 37 1s cross-correlated
with the receive signal 38. The cross-correlation 1s per-
formed over a time window that 1s greater than or equal to
the maximum time delay of the feedback signal 34 relative
to the mput signal 31. To determine the relative level of the
input signal 31, the frequency shift provided to the output of
the repeater or the repeated signal 37 1s mathematically
removed prior to the cross-correlation, and the resulting
unshifted signal 1s cross-correlated with the receive signal
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38. That cross-correlation 1s performed over a time window
that 1s also greater than or equal to the maximum time delay
of the feedback signal 34 relative to the mput signal 31. The
peak value of the cross-correlation 1s the relative level of the
input signal. The gain margin 1s then calculated as the ratio
of the relative level of the input signal to the relative level
of the feedback signal.

In describing the invention, an example 1s helptul 1n
understanding the use of signal modification and cross-
correlation 1in determiming the relative levels of the feedback
signal and the mput signal. In reviewing the typical case
where the repeated signal has a constant level, a zero mean,
and no significant autocorrelation peaks other than those
caused by the modulation filter, 1t can be considered to be
approximately a wide sense stationary random signal
beyond the impulse response of any modulation filter. In the
case where the gain and the feedback is static, reference 1s
made to FIG. 2, the mnput signal 31 1s indicated as in(t), the
repeater gain as “G”, the feedback gain as “F”, the repeater
delay as “d”, and the propagation delay of the feedback
signal from the transmit antenna 36 to the receive antenna 32

as “p”. The frequency shift 1s indicated as 1 shife The receive
signal 38 rx(t) 1s the sum of the input signal 31 1n(t) and the

teedback signal 34 F-tx(t-p), and 1t set forth 1n Equation 1:

rX(D)=m{t)+F-tx(t-p) EQ. 1

The output signal, or repeated signal 37, 1s then set forth by
Equation 2:

tx(t)=G-rx(t-d)-&/ 2T EQ. 2

Therefore, the repeated signal tx(t) reflects the frequency
shift of the received signal provided 1n accordance with one
aspect of the present invention by frequency-shifting cir-
cuitry 44.

To determine the relative level of the feedback signal 34
in the overall receive signal 38, the repeated signal 37 is
cross-correlated with the recerve signal 38. Correlation 1s a
linear operation, therefore this cross-correlation 1s equiva-
lent to the sum of the mput signal 31 in(t) cross-correlated
with the repeated signal 37 tx(t) and the feedback signal 34
F-tx(t—-p) cross-correlated with the repeated signal 37 tx(t).
Assuming all signals are WSS over the measurement inter-
val, the cross correlation of n(t) with tx(t) will have an
average value ol zero because the signals are uncorrelated
due the frequency shift. The cross correlation F-tx(t—p) with
tx(t) will have an average value of F-tx_ ~ at t=p.

To determine the relative level of the mput signal 1n(t) 1n
the receive signal 38, the frequency shift 1s mathematically
removed from the repeated signal 52 tx(t) prior to calculat-
ing the cross-correlation, and the unshifted repeated signal 1s
then cross-correlated with the receive signal 38. The 1fre-
quency shift can be mathematically removed by multiplying
it with a complex exponential with the negative of the
frequency shift as shown 1n EQ. 3.

R s (=R (£)-€ ™ 2S00 FQ. 3

1:11 5 H1

Again, since correlation 1s a linear operation, rx(t—d) can be
split 1nto 1ts components, n(t) and F-tx(t-p). Since the
frequency shift has been removed, tx,,, ;. 4(t) 1s uncorrelated
with F- tx(t—p) and has an average value of zero, while
IX,,,.sm5 18 correlated w1th in(t) and has an average value
proportional to G~ tx,_* at t=d.

Therefore, the gain margm may then be calculated as a
ratio of the cross correlations of rx(t) with tx,,, . (t) at t=d
and tx(t) with rx(t) at t=p.
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F-tx2

EQ. 4
1
"~ G-F

In another embodiment of the invention, the ratio of the
input and feedback signals 1s determined by other method-
ology that relies upon the fact that the input signal and
teedback signal are decorrelated due to the applied ire-
quency shift of the repeated signal. In an alternative embodi-
ment, the average power of the receive signal can be
calculated, rx, . The relative level of the feedback signal
in the recerve signal 1s then calculated as the cross-correla-
tion of the receive signal with the receive signal shifted by
the negative of the frequency shift provided by the trans-
mission circuitry of the mvention. For ease of understand-
ing, the feedback signal in this case 1s represented as the
delayed input signal multiplied by the loop gain of the
repeater multiplied by the {requency shift, G- Frx
(t-d-p)-&/ ™" The receive signal can then be repre-
sented as the sum of the input signal and the feedback signal
as shown 1 EQ. 3.

rx(t)=in(t)+G-Frx(t-d-p)-¢/ 2-fshiftt

EQ. 5

The recerve signal shifted by the negative of the frequency
shift fshift 1s shown 1 EQ. 6

IXsiip D)=10(t) €™ 2SS G Forx (t-d—p) EQ. 6

1411 551

Again, since cross correlation 1s a linear operation, the
cross correlation of rx(t) with rx, (1) 1s equivalent to the
sum of the mput signal 31 in(t) with a negative frequency
shift applied cross-correlated with the receive signal rx(t)
and the feedback signal G-F-rx(t—-d-p) cross correlated with
rx(t). Assuming all signals are WSS over the measurement
interval, and G and F are linear, time-invariant systems, then
the cross correlation of in(t)-€¥ = ™"¥*7 with rx(t) will have
an average value of zero because the signals are uncorre-
lated. The cross correlation G-F-rx(t—-d-p) with rx(t) has an
average value of G-Frx, _° at t=d+p. The gain margin can
then be calculated as the ratio of the average power of rx(t)

to the cross-correlation of rx(t) and rx;, 4(t) as shown 1n EQ.
7.
rx> 1 BEQ. 7
G-F-rx2,. G-F

In accordance with another aspect of the present inven-
tion, the correlation circuitry insures that the average phase
ol the cross-correlation 1s zero, while minimizing the num-
ber of computations. If the frequency shift 1s small and the
bandwidth of the signal 1s very large, then the calculations
are performed over a large number of samples. However, to
mimmize the number of computations, one embodiment of
the mnvention performs a windowed cross-correlation. The
windows are equally distributed throughout one period of
the frequency shift f, ;. For instance, 1f the frequency shift
was one Hertz, the correlation would have to be performed
over a one-second period. However, 1f a window were
applied from 0-0.1 seconds and 0.5-0.6 seconds, then the
average phase of the cross-correlations would still sum to
zero. Generally, any number of windows can be used as long
as the average phase of the cross-correlations equals zero.

In one embodiment, the correlation circuitry or processing,
circuitry assumes that the magnitude of the repeated signal
1s approximately constant throughout the measurement
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period. If the magnitude of the signal’s envelope varies
greatly during the measurement, the sum of the correlations
may not add to zero. In accordance with another embodi-
ment of the invention, to compensate for the problem, the
receive and repeated/transmit signals are normalized so that
they have a constant envelope prior to the correlation
calculations. Normalization does not change the ratio of the
input signal to the feedback signal. IT the receive signal and
repeated signal are normalized by the same function, the
methodology of the invention continues to provide the
desired results.

In accordance with another feature of the invention, one
embodiment of the invention may provide a constant fre-
quency shift that 1s always applied to the repeated signal.
Alternatively, the frequency shiit feature 1s selectable and
may be selectively turned ON or OFF selectively as the gain
margin measurement 1s needed.

Furthermore, 1n another embodiment of the invention, the
frequency shift may be selectively varied both 1n the amount
of the frequency shift, and also the sign of the shift. For
example, the mvention may alternate between a positive
frequency shift and a negative frequency shift so that the
overall average frequency shift utilized 1n the invention 1s
Zero.

Turning now to FIGS. 3 and 4, those figures set forth
schematic diagrams with respect to various embodiments of
the invention. In FIG. 3, the frequency shiit 1s supplied after
the gain block within the repeater Clrcu1try In FIG. 4, the
frequency shift 1s applied prior to the gain block. However,
it will be understood that the frequency shift circuitry might
be implemented anywhere between the recerve mput and the
transmit output in accordance with the principles of the
invention.

Turmning to FIG. 3, where like reference numerals are
utilized, repeater 30a incorporates a receive antenna 32 and
transmit antenna 36 coupled with appropriate repeater cir-
cuitry 40a. As will be understood by a person of ordinary
skill 1n the art, the components are shown in a downlink path

60 1n the repeater 30a. Similar components will exist 1n the
uplink path 62 for handling uplink traff

ic between wireless
devices and a base station for example. Accordingly, com-
ponents within the downlink path 60 will be described
herein 1n further detail with the assumption that similar
functionality and components would be utilized 1n the uplink
path 62.

Receive antenna 32 receives both the mput signal and
frequency shifted or modified feedback signal. That receive
signal 1s coupled to a low noise amplifier (LNA) 64 for
amplifying downlink RF receive signals from a base station.
A mixer component 66 1s fed by an appropria‘[e local
oscillator (LO) signal and converts the RF receive signal 38
to an IF signal at a different IF frequency or a frequency at
or near the baseband frequency for ease of later processing
in the repeater. The signal 1s then filtered by a filter com-
ponent or circuitry 68. In the embodiments illustrated in
FIGS. 3 and 4, the repeater circuitry incorporates both
analog and digital components. Digital signal processing
circuitry 70 1s implemented for adjusting gain as well as for
providing the necessary modification, such as a frequency
shift t,, ., to the repeater signal before 1t 1s transmitted as a
repeated signal. Appropriately, an A/D converter circuit 72
converts the analog signal to an appropriate digital signal for
turther digital processing. The digital signal 1s sent to DSP
circuitry 70 that might be an FPGA, digital signal processor
or other such element. The DSP circuitry might include an
additional digital mixer circuit 74 fed by a suitable numeri-
cally-controlled oscillator (NCO) signal to provide digital
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downconversion for ease of further processing. The signal
might also be filtered by an appropniate digital filter 76.
Filter 76 might also change the amplitude of the signal.
Component 78 represents suitable circuitry for adjusting the
gain within repeater 30a. Although as noted, the gain com-
ponent might be implemented together with the filter 76. In
accordance with one noted aspect of the invention, fre-
quency-shifting circuitry 80 provides the desired frequency
shift within the repeated signals in order to provide the
proper decorrelation between the feedback signal 34 and the
iput signal 31. The signal has a frequency shift added by
mixing 1t with the frequency shiit oscillator. The signal
might then be digitally upconverted by appropriate digital
upconversion circuitry 82 fed by a transmit NCO. The signal
may then be converted to back to an analog signal by D/A
circuitry 84.

The analog signal, such as at analog IF, 1s further upcon-
verted with mixer circuitry 86 fed by an appropriate transmit
LO to an appropniate RF signal. The RF signal 1s filtered by
filter circuitry 88, and then fed to an RF power amplifier 90
before being transmitted as a repeated signal through the
transmit antenna 36.

The mixing elements are typical of a repeater. There can
be more or fewer mixing elements than illustrated in the
examples and still implement a functional repeater. In one

embodiment, the frequency shift mixing operation can be
combined with one or more of the other mixers 11 desired.
However, the mixing operations must be implemented such
that the frequency of the mput signal and the frequency of
the transmit or repeated signal differ by the amount of the
frequency shift. The frequency shift mixer 1s shown after the
filter; however, t can be placed anywhere between the
receive and transmit antennas. In FIG. 4 1t 1s shown prior to
the filter and/or gain block.

In the embodiments 1llustrated in FIGS. 3 and 4, the noted
correlation functionality 1s provided by suitable correlation
circuit 100 within the digital signal processing (DSP) cir-
cuitry 70. The correlations to determine gain margin are
performed by a capturing samples of the signal 1n the digital
path and performing the described calculations. The capture
point may be anywhere 1n the signal path, either before or
after the frequency shift circuit because the circuit has the
ability to add or remove the applied frequency shiit by
mathematical computation. In the 1llustrated embodiments,
the correlation circuit samples the receive signal 38 wvia
suitable connections 102 and also 1s coupled to sample the
frequency-shifted repeated signal in the repeater path as
illustrated by the appropriate connection 104. Correlation
circuit 100 may also provide the necessary functionality for
automatically controlling the gain through the gain compo-
nent 78 by way of line 106 based on the measured correla-
tions and determined gain margin. It would be understood by
a person ol ordinary skill in the art that the various func-
tionality within the digital signal processing circuitry 70
might be implemented 1n a number of different ways to
achieve the functionality of the invention. Accordingly, the
illustrations 1n FIGS. 3 and 4 are not limiting. That 1s, the
specific details regarding how the various components are
utilizing and arranged within the DSP circuitry 70 and the
overall computer circuitry 40a are 1llustrative, and not meant
to be limiting.

Turning to FIG. 4, like reference numerals are utilized
with respect to the components 1n FIG. 3. FIG. 4 illustrates
a repeater 30b of the invention wherein the frequency shiit
circuitry 80 1s positioned prior to the gain block or gain
circuitry 78 within the repeater circuitry 40b.
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In a static case, the frequency shift of the feedback signal
34 would be 1dentical to the frequency shift of the repeated
signals 37. However, 1n some implementations of the mnven-
tion, there might be additional frequency shifting between
the repeated signal 37 and the feedback signal 34 due to
Doppler shifting, or other parameters and conditions within
the installation and operation of the repeater. To that end, in
one embodiment, the invention measures and accounts for
the additional frequency shifting in the cross-correlation
calculations. For example, this might be done by examining
or measuring how the phase of the cross-correlation changes
throughout the correlation period. By finding constant
changes in the correlation phase during the correlation
period, the phase change due to any additional frequency
shift can be readily determined. ITf more or less of an integer
number of phase rotations are observed in the measurement,
then the correlation result can be truncated or extrapolated
respectively to account for the additional frequency shift. In
an alternative embodiment of the invention, the circuitry
provides a compensating amount of frequency shift that 1s
added or subtracted during the correlation calculation to
negate the aflect of any additional frequency shift associated

with the environment and installation. This functionality

will be implemented 1n the digital signal processing circuitry
as suitable 1n the circuits of FIGS. 3 and 4.

In one aspect of the invention, once the gain margin
measurement 1s determined, the gain 1s automatically
adjusted by the DSP circuitry 70, and specifically gain block
or component 78. The gain may be automatically adjusted to
ensure that the gain margin 1s above an acceptable level to
isure proper operation. As will be understood, the gain
margin might be adjusted through the DSP control circuitry
as well as the specific gain adjustment parameters. The gain
margin 1s usually greater than 0 dB in order to prevent
oscillation. In fact, 1t 1s usually kept well above 0 dB to allow
for variation in repeater gain, and antenna 1solation. The
present invention, by constantly measuring the gain margin
as noted herein, provides automatic gain adjustment so that
the repeater can compensate for any variation in the gain
margin. In that way, the minimum threshold that has to be
maintained might be reduced as the repeater 1s able to
constantly automatically adjust the gain margin. As dis-
cussed above with respect to the correlation calculations,
one embodiment of the imvention might use a complex
sinusoid to frequency shift the repeated signal that 1s output.
However, one of ordinary skill in the art would realize that
other signals might be used to modily the repeated signals
with respect to the received signal to thereby decorrelate the
repeated signal from the receirve signal. Such modification
must have minimal aflect on the repeated or transmitted
output of the repeater.

The invention, as described with respect to various
embodiments herein, wherein the frequency shift and cor-
relation calculations are implemented 1n the digital domain,
such as through DSP circuitry 70. However, such frequency
shifting and decorrelation might also be implemented 1n the
analog domain. Alternatively, a mixed signal implementa-
tion using both analog and digital components might be
utilized to provide the desired signal decorrelation functions
and correlation calculations.

The invention, as described with respect to various
embodiments herein, wherein the decorrelating function
applied to the repeated signal 1s a frequency shift, could
apply other decorrelating functions that cause minimal deg-
radation of the repeated signal. The methods described

herein could be readily adapted by a person of ordinary skall
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in the art to use alternate decorrelation functions to measure
gain margin and control the gain of a repeater to maintain a
minmum gain margin.

As noted above, while a repeater 1s described herein as an
exemplary embodiment, the imnvention might be applied to
any type of signal repeating system wherein some part of the
transmitted or repeated signal 1s fed back or finds 1ts way
into the iput on the receive side as a feedback signal.

Having described this invention in its various embodi-
ments and parameters, other variations will become apparent
to a person of ordinary skill 1n the art without deviating from
the scope of the described embodiments and the invention.

What 1s claimed 1s:

1. An apparatus for repeating signals, the apparatus com-
prising;

a receitve antenna for capturing a receive signal that

includes an mput signal and a feedback signal;
processing circuitry coupled with the receive antenna for
processing the receive signal to form a repeated signal;

a transmit antenna coupled with the processing circuitry

for transmitting the repeated signal;

the processing circuitry for processing the receive signal

including;

gain circuitry to provide gain 1n the repeated signal;

decorrelation circuitry including frequency shifting cir-
cuitry that 1s configured for decorrelating the input
signal of the receive signal and the repeated signal by
introducing a frequency shiit in the repeated signal to
form the repeated signal that i1s decorellated and
frequency-shifted from the input signal of the receive
signal;

gain margin circuitry configured for calculating a gain
margin for the apparatus by utilizing samples of the
decorrelated recerve signal and the frequency-shifted
repeated signal and utilizing samples of the repeated
signal wherein the frequency shift that 1s used to
decorrelate the recerve and repeated signals has been
removed.

2. The apparatus of claim 1 wherein the frequency shifting
circuitry 1s operable for creating the frequency shiit by
multiplying the input signal with a complex sinusoid.

3. The apparatus of claim 1 wherein the processing
circuitry 1s further operable for adjusting the gain based
upon the calculated gain margin.

4. The apparatus of claim 1 wherein the gain margin
circuitry determines the gain margin by comparing a cross-
correlation of the recerve signal and the repeated signal with
a cross-correlation of the receirve signal and the repeated
signal wherein the frequency shiit used to decorrelate the
receive signal has been removed.

5. The apparatus of claim 4 wherein the receive signal
includes both the mput signal and the feedback signal,
cross-correlations being performed over a suflicient corre-
lation length so that an average phase of the feedback signal
relative to the input signal 1s around zero degrees.

6. The apparatus of claim 4 wherein cross correlations are
performed over a correlation length that 1s an integer number
of periods of the frequency shift.

7. The apparatus of claim 4 wherein cross correlations are
windowed, the windowing being performed so that an
average phase of the cross correlations 1s around zero
degrees.

8. The apparatus of claim 4 wherein the processing
circuitry normalizes the mput signal to have generally a
constant envelope.

9. The apparatus of claim 35 wherein the processing
circuitry 1s further configured for determining additional
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frequency shifting 1n the feedback signal and providing a
compensating amount of frequency shift for cross-correla-
tions to reduce the eflect of the additional frequency shifting.

10. The apparatus of claim 1 wherein the processing
circuitry 1s configured to dynamically increase or decrease
the amount of frequency shift provided by the frequency
shifting circuit to the mput signal.

11. The apparatus of claim 1 wherein the decorrelation
circuitry 1s selectively turned ON and OFF {for selectively
calculating the gain margin.

12. The apparatus of claim 1 wherein the processing
circuitry 1s 1implemented at least partially with digital cir-
cultry.

13. A method for repeating signals comprising:

capturing a receive signal with a receive antenna, the

receive signal including an input signal and a feedback

signal;

processing the receive signal with processing circuitry to

form a repeated signal;

transmitting the repeated signal;

the processing steps including:

providing gain 1n the repeated signal;

decorrelating the input signal of the recerve signal and
the repeated signal by introducing a frequency shift
in the repeated signal to form the repeated signal that
1s decorrelated and frequency-shifted from the mnput
signal of the receive signal;

calculating a gain margin for the apparatus by utilizing
samples of the decorrelated receive signal and the
frequency-shifted repeated signal and utilizing
samples of the repeated signal wherein the frequency
shift that 1s used to decorrelate the receive and
repeated signals has been removed.

14. The method of claim 13 further including creating a
frequency shift by multiplying the input signal with a
complex sinusoid.

15. The method of claim 13 further comprising adjusting
the gain based upon the calculated gain margin.

16. The method of claim 13 wherein calculating the gain
margin includes comparing a cross-correlation of the receive
signal and the repeated signal with a cross-correlation of the
receive signal and the repeated signal wherein the frequency
shift used to decorrelate the receive signal has been
removed.

17. The method of claim 16 wherein the receive signal
includes both the iput signal and the feedback signal, and
further comprising performing cross-correlations over a
suflicient correlation length so that an average phase of the
teedback signal relative to the mput signal 1s around zero
degrees.

18. The method of claim 16 further comprising perform-
ing cross correlations over a correlation length that 1s an
integer number of periods of the frequency shift.

19. The method of claim 16 further comprising window-
ing cross correlations so that an average phase of the cross
correlations 1s around zero degrees.

20. The method of claim 16 further comprising normal-
1zing the mput signal to have generally a constant envelope.

21. The method of claim 16 further comprising determin-
ing additional frequency shifting in the receive signal and
providing a compensating amount of frequency shiit for
cross correlations to reduce the effect of the additional
frequency shifting.

22. The method of claim 13 further comprising dynami-
cally increasing or decreasing the amount of frequency shift
provided by the frequency shifting circuit to the input signal.
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23. The method of claim 13 further comprising selectively
turning the decorrelation circuitry ON and OFF for selec-
tively calculating the gain margin.

24. An apparatus for repeating signals, the apparatus
COmMprising:

a receive antenna configured to capture a receive signal,;

a transmit antenna configured to transmit a rvepeated

signal formed from the receive signal,;

gain circuitry configured to provide gain in the repeated

signal;

decorrelation cirvcuitry configured to modify the vepeated

signal and including frequency shifting circuitry oper-
able to create a frequency shift in the vepeated signal
with vespect to the veceive signal, wherein the repeated
signal is frequency shifted and decorrelated from the
receive signal; and

gain margin circuitry configured to calculate a gain

margin for the apparatus utilizing the decorrvelated
receive and rvepeated signals, the gain margin circuitry
utilizing a repeated signal that is shifted in frequency by
the negative of the frequency shift used to decorrelate
the receive and repeated signal.

25. The apparatus of claim 24, further comprising pro-
cessing circuitry configured to adjust the gain based upon
the calculated gain margin.

26. The apparatus of claim 24, wherein the gain margin
circuitry is configured to calculate the gain margin by
comparing a cross-correlation of the rveceive signal and the
repeated signal with a cross-corrvelation of the rveceive signal
and the rvepeated signal that is shifted in frequency by the
negative of the frequency shift used to decorrelate the
receive signal and repeated signal.

27. The apparatus of claim 26, wherein the veceive signal
includes both an input signal and a feedback signal, the
cross-correlations being performed over at least one of a
length of the correlation that is an integer number of periods
of the frequency shift or a length of the correlation that is a
sufficient length so that an average cross-correlation phase
of the feedback signal relative to the input signal is around
zero degrees.

28. The apparatus of claim 26, wherein the cross-corre-
lations are windowed, the windowing being performed so
that an average phase of the cross-correlations is arvound
zero degrees.

29. The apparatus of claim 26, further comprising pro-
cessing circuitry configured to norvmalize the receive and
repeated signals to have generally a constant envelope.

30. The apparatus of claim 26, further comprising pro-
cessing circuitry configured to determine additional fre-
quency shifting in the feedback signal and provide a com-
pensating amount of frequency shift for the cross-
correlations to veduce the effect of the additional frequency
shifting.

31. The apparatus of claim 24, further comprising pro-
cessing circuitry configured to dynamically increase or
decrease the amount of frequency shift provided by the
frequency shifting circuitry to the repeated signal.

32. The apparatus of claim 24, wherein the gain civcuitry,
the decorrelation circuitry, and the gain margin circuitry ave
implemented in different cirvcuits.

33. The apparatus of claim 24, whevrein at least two of the
gain circuitry, the decorrelation circuitry, and the gain
margin cirvcuitry arve implemented in the same circuit.

34. The apparatus of claim 24, wherein the gain circuitry,
the decorrelation civcuitry, and the gain margin civcuitry ave
implemented in the same circuit.

14

35. The apparatus of claim 24, further comprising:

a first mixer configured to down-convert the receive signal
from a radio frequency to an intermediate frequency or
baseband frequency;

d an analog-to-digital converter configured to convert the
down-converted veceive signal to a digital signal,
wherein the gain circuitry provides gain to the digital
signal, wherein the decorrelation circuitry shifts the
frequency of the digital signal; and

a digital-to-analog converter configured to convert the
digital signal to an analog signal;

a second mixer configured to up-convert the analog signal
to a radio frequency signal, wherein the radio fre-
quency signal is provided to the transmit antenna for
transmission as the repeated signal.

36. The apparatus of claim 24, wherein the gain circuitry,
decorrelation circuitry, and the gain margin circuitry are
implemented in the analog domain.

37. A method for repeating signals comprising:

capturing a receive signal;

transmitting a rvepeated signal formed from the receive
signal;

providing gain in the vepeated signal;

modifving the vepeated signal by creating a frequency
shift in the repeated signal with respect to the receive
signal, wherein the rvepeated signal is frequency shifted
and decorrelated from the receive signal;

calculating a gain margin for the apparatus utilizing the
decorrelated receive and rvepeated signals and utilizing
a repeated signal that is shifted in frequency by the
negative of the frequency shift used to decorrelate the
receive signal and vepeated signal.

38. The method of claim 37, further comprising adjusting

the gain based upon the calculated gain margin.

39. The method of claim 37, wherein calculating the gain
margin includes comparing a cross-correlation of the
receive signal and the vepeated signal with a cross-corre-
lation of the receive signal and the vepeated signal that is
shifted in frequency by the negative of the frequency shift
used to decorrelate the receive signal and vepeated signal.

40. The method of claim 39, wherein the receive signal
includes both an input signal and a feedback signal, and
further comprising performing the cross-correlations over
45 at least one of a length of the correlation that is an integer
number of periods of the frequency shift or a length of the
correlation that is a sufficient length so that an average
cross-correlation phase of the feedback signal relative to the
input signal is around zevo degrees.

41. The method of claim 39, further comprising normal-
izing the receive and repeated signals to have generally a
constant envelope.

42. The method of claim 39, further comprising deter-
mining additional frequency shifting in the receive signal
and providing a compensating amount of frequency shift for
the cross-correlations to reduce the effect of the additional
frequency shifting.

43. The method of claim 37, further comprising dynami-
cally increasing or decreasing the amount of frequency shift
60 provided by the frequency shifting circuit to the repeated
signal.

44. The method of claim 37, further comprising:

down-converting the rveceive signal to an intermediate

frequency orv baseband frequency;

converting the down-converted rveceive signal to a digital
signal, wherein gain is provided to the digital signal,
whevrein the digital signal is frequency shifted,;
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converting the digital signal to an analog signal; and

up-converting the analog signal to a radio frequency
signal, wherein the rvadio frequency signal is transmit-
ted as the repeated signal.

45. The method of claim 37, whervein providing gain in the
repeated signal, modifying the vepeated signal, and calcu-
lating the gain margin are implemented in the analog
domain.

46. An apparatus for rvepeating signals, the apparatus
COMpPriSing:

a receive input to couple the apparatus to a receive
antenna, wherein the veceive antenna is configured to
capture a receive signal, whervein the receive input is
configured to obtain the rveceive signal from the receive
antenna,

a transmit output to couple the apparatus to a transmit
antenna, whevein the transmit output is configured to
provide a rvepeated signal formed from the receive
signal to the transmit antenna, whervein the transmit
antenna is configured to transmit the repeated signal;

gain circuitry configured to provide gain in the repeated
signal;

decorrelation cirvcuitry configured to modify the vepeated
signal and including frequency shifting cirvcuitry oper-
able to create a frequency shift in the vepeated signal
with respect to the receive signal, wherein the repeated
signal is frequency shifted and decorrelated from the
receive signal; and

gain margin circuitry configured to calculate a gain
margin for the apparatus utilizing the decorrelated
receive and repeated signals, the gain margin civcuitry
utilizing a vepeated signal that is shifted in frequency by
the negative of the frequency shift used to decorrvelate
the receive and repeated signal.

47. The apparatus of claim 46, further comprising pro-
cessing circuitry configured to adjust the gain based upon
the calculated gain margin.

48. The apparatus of claim 46, wherein the gain margin
circuitry is comfigured to calculate the gain margin by
comparing a cross-correlation of the veceive signal and the
repeated signal with a cross-corrvelation of the receive signal
and the repeated signal that is shifted in frequency by the
negative of the frequency shift used to decorrelate the
receive signal and repeated signal.

49. The apparatus of claim 48, wherein the receive signal
includes both an input signal and a feedback signal, the
cross-correlations being performed over at least one of a
length of the correlation that is an integer number of periods
of the frequency shift or a length of the correlation that is a

10

16

sufficient length so that an average cross-correlation phase
of the feedback signal velative to the input signal is around
zero degrees.

50. The apparatus of claim 48, wherein the cross-corre-
lations are windowed, the windowing being performed so
that an avervage phase of the cross-correlations is around
zero degrees.

51. The apparatus of claim 48, further comprising pro-
cessing circuitry configured to novmalize the rveceive and
repeated signals to have generally a constant envelope.

52. The apparatus of claim 48, further comprising pro-
cessing circuitry configured to determine additional fre-
quency shifting in the feedback signal and provide a com-

4 pensating amount of frequency shift for the cross-
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correlations to reduce the effect of the additional frequency
shifting.

53. The apparatus of claim 46, further comprising pro-
cessing circuitry configured to dynamically increase or
decrease the amount of frequency shift provided by the

frequency shifting circuitry to the repeated signal.

54. The apparatus of claim 46, wherein the gain circuitry,
the decorrelation circuitry, and the gain margin circuitry are
implemented in diffevent circuits.

55. The apparatus of claim 46, wherein at least two of the
gain circuitry, the decorrelation circuitry, and the gain
margin cirvcuitry ave implemented in the same circuit.

56. The apparatus of claim 46, wherein the gain circuitry,
the decorrvelation civcuitry, and the gain margin civcuitry are
implemented in the same circuit.

57. The apparatus of claim 46, further comprising:

a first mixer configured to down-convert the receive signal
from a radio frequency to an intermediate frequency or
baseband frequency;

an analog-to-digital converter configured to convert the
down-converted rveceive signal to a digital signal,
wherein the gain circuitry provides gain to the digital
signal, whervein the decorrelation circuitry shifts the
frequency of the digital signal; and

a digital-to-analog converter configured to convert the
digital signal to an analog signal;

a second mixer configured to up-convert the analog signal
to a radio frequency signal, wherein the radio fre-
quency signal is provided to the transmit antenna for
transmission as the repeated signal.

58. The apparatus of claim 46, wherein the gain circuitry,

decorrelation circuitry, and the gain margin circuitry are
implemented in the analog domain.
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