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5 BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to RF receivers using

- 10 quadrature demodulation. More particularly, the present invention relates

to a novel method and apparatus for providing automatic gain control, out-

of-band signal rejection, and D.C. offset cancellation within a digital
receiver. |

15 IL Description of the Related Art

In analog receivers, such as are used in narrowband FM cellular
communication systems, FM demodulators are employed to extract
information encoded in the phase of an incident waveform. Existing FM

20 demodulators often include an analog frequency discriminator preceded by
an analog limiter, with the limiter serving to constrain the input signal
power to a constant level. In this way maximum signal to noise ratio is
maintained at the input to the frequency discriminator over the full
dynamic range of the FM input signal. However, such an analog signal

25 processing technique generally involves extemsive signal filtering, and
frequently is implemented using a large number of dis¢rete components.
Moreover, it has been demonstrated that imprdved performance may be
achieved using linear digital waveform demodulation rather than analog
demodulation. Unforiu_nately, conventional demodulation techniques are

30 often not applicable to digital receivers, since clipping of the received signal
would result in corruption of the data derived therefrom.

_ A digital receiver for receiving a digitally modulated information
signal will generally include a variable gain amplifier with a gain adjusted
by a control signal. The process of adjusting the gain of a received signal

35 using a control signal is called Automatic Gain Control (AGC). Typically in
digital receivers, the AGC process involves measurement of an output
signal power of the variable gain amplifier. The measured value is
compared with a value representing the desired signal power and an control
signal for the variable gain. amplifier is generated. The error value is then
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then processing. However, in digital receivers to be both CDMA or TDMA '
compatible and conventional FM compatible, i.e., dual-mode digital/FM
15 receivers, it is necessary to provide power control of both wideband CDMA
 (or TDMA) signals and narrowband FM signals. The control process is
- complicated by the differing dynamic ranges associated with the received FM .
and CDMA signal power. That is, the mégnimde of received FM signals
may vary over a dynamic range greater than 100 dB, whereas CDMA systems
20 typically result in a more limited dynamic range, i.e., approxlmately 80 dB.
The provision of separate AGC circuitry for each mode increases the
hardware complexity and expense of such receivers. Accordingly, it would
be desirable to provide AGC circuitry capablé of operating both upon
narrowband, wide-dynamic range FM signals, as well as upon wideband
25 CDMA signals of more limited dynamic range.
It would also be desirable to provide digital AGC in inexpensive
receivers utilizing analog to digital (A/D) converters with limited dynamic
range. Again, because FM signals within cellular systems may vary more
than 100 dB and relatively inexpensive 8-bit A/D’s are limited to a dynamic
30 range of approximately 48 dB, a cost effective AGC implementation should
be capable of controlling the gain of the portion of the receiver preceding the
A/D converters so as to control the signal’s dynamic range at the A/D
converter. The alternative is to employ expensive A/D converters having -
greater dynamic range, thereby increasing the cost of the receiver or to
35 increase the AGC range of the analog portion of the radio which is very
difficult and costly.
It is therefore an object of the present invention to provide a novel
and improved AGC circuit which incorporates the desirable features

14
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Smaller and less expensive IF filters are generally incapable of being realized
so as to possess the desired signal rejection characteristics, and hence are

10 generally not employed in FM cellular telephone receivers.

As is well known, recent advances in integrated circuit (IC)
technology have made possible the realization of active baseband filters
which are quite small and inexpensive compared to IF filters. It follows that
it would be desirable to employ active IC baseband filters to effect significant

15 out-of-band signal suppression, thereby allowing smaller and less expensive.
IF filters to be used to provide any additional required signal rejection. In an
active filter, the higher the gain - the better rejection that is possible. But the
higher the gain, the more susceptible the system to unwanted D.C. offsets.
Suppression of such D.C. offsets is desirable to maximize the available signal

20 dynamic range, minimize offset induced distortion in the baseband
demodulated signal and minimize offset induced errors in baseband signal
strength estimates.

In standard digital communications systems such as quadrature phase
shift keying (QPSK), used m standard CDMA communication systems (and

25 some TDMA systems), or binary phase shift keying (BPSK), information
from the waveform is recovered by downconversion of the signal to
baseband frequency centered about D.C. In this case D.C. offsets are easily
removed, since for QPSK and BPSK, the caitier is generally suppressed by
the transmitter anyway. Hence at baseband, & D.C. notch can be used.

30 However, for constant amplitude modulations such as FM and
continuous phase FSK (which are used in FM cellular telephone systems
such as AMPS) and ‘Gaussian Minimum Shift Keying (GMSK) (used in
some TDMA systems), the carrier must be preserved in order to demodulate
the received signal.

35 The employment of active baseband IC filters leads to the necessity of
providing some mechanism for suppression‘of undesired D.C. offsets. The
IF processing chain of conventional digital cellular telephone receivers
typically includes a local oscillator (L.O.) having a frequency selected such
that the carrier frequency is downconverted to D.C., and a simple D.C. notch
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carried at intermodulation products at frequencies close to the carrier !
frequency, such products are uncommon and of relatively short duration.
15 Accordingly, the suppression of only the low-frequency intermodulation
products after baseband downconversion does not usually result in the loss
of appreciable voice information. Similarly, in FSK and GMSK systems,
very little signal power is present below F;= (symbol rate)/100, so again the
frequency band between F¢ and F.+ Fymay be suppressed without
20 degradation of the digital data.
It is therefore a further object of the present invention to provide an
quadrature receiver in which high-gain/highly selective active baseband
filters may be employed without causing the loss of carrier frequency
information. |

SUMMARY OF THE INVENTION

The present invention is a novel automatic gain control method and

apparatus for controlling signal power of a received RF signal over a wide

30 dynamic range. In a preferred implementation the automatic gain control

apparatus may be adjusted to provide a desired control response to various

fading characteristics of the received RF signal. In applications where the

signal of interest is a suppressed carrier digital format such as BPSK or QPSK

(for CDMA Digital Cellular) or a constant envelope continuous-phase

35 format such as GMSK, FSK, or FM (used in AMPS cellular phase system),

the apparatus of the present invention is capable of providing the necessary

gain control, out-of-band signal rejection, and downconversion to baseband,
with no D.C. offset. | '

In accordance with the present invention an automatic gain control

40 (AGC) apparatus for a dual mode receiver is disclosed. The AGC apparatus

his Sheet Has Been Rei
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suppression loop, disposed to receive said baseband signal, suppresses D.C.
10 feedthrough signals produced by the downconverter, hence providing a
compensated baseband signal.

The AGC apparatus further comprises means for generating a
received power signal based on the power of the output signal. A saturating
integrator compares the received power signal to a reference signal and

15 produces the gain control signal by integrating or by refraining from
integration based on values of the reference, received power signal, and gain
control signals.

BRIEF DESCRIPTION OF THE DRAWINGS
20

The features, objects, and advantages of the present invention will
become more apparent from the detailed description set forth below when
taken in conjunction with the drawings in which like reference characters
identify correspondingly throughout and wherein:

25 Figure 1 illustrates in block diagram form an exemplary application of
the automatic gain control apparatus (AGC) of the present invention;

Figure 2 illustratively represents the gain of an AGC amplifier as a
function of the gain control voltage; :

Figure 3 shows an exemplary embodiment of the automatic gain

30 control apparatus of the invention which includes a control loop
implemented in analog form; _

Figures 4A and. 4B illustratively represent the voltage and power
transfer characteristics, respectively, associated with an exemplary
implementation of a signal limiter included within the inventive gain

35 control apparatus; '

Figure 5 depicts an exemplary implementation of decision logic used
to govern operation of an integration control switch;

Figures 6A-6C are timing diagrams illustrative of the operation of the
AGC apparatus of the invention;
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(CDMA) portable cellular communications device, it is necessary to set the |

15 power of the processed signal to a constant level. In the cellular
environment, a receiver may receive a signal which experiences rapid and
wide variations in signal power. In order to properly process the digital data
contained within the received signal the signal power must be controlled
within the receiver. In a dual-mode digital receiver, e.g., a digital receiver

20 capable of processing both CDMA (or TDMA) and standard FM signals, the
received signal dynamic range will irary as a function of the selected
operative mode. Accordingly,' an automatic gain control apparatus for a
digital receiver is disclosed which is capable, in each of its operative modes,
of compensating for variation in received signal power in either

25 environment.

Figure 1 ﬂlustrates in block diagram form an exemplary application of
the automatic gain control apparatus of the present invention. In Figure 1,
the automatic gain control apparatus is implemented in the transceiver of a
CDMA portable cellular telephone 10. Telephone 10 may be a dual mode,

30 i.e. CDMA (or TDMA) and conventional FM compatible. ‘The automatic
~gain control apparatus of the present invention is capable of providing
power control of both wideband CDMA (or TDMA) signals and narrowband
FM signals. The compatibility of such circuitry to operate on both wideband
and narrowband signals provides cost, component and power savings for

35 the receiver.

Telephone 10 includes antenna 12 for receiving RF signals, including
CDMA or FM communication signals, transmitted from a base station.
Antenna 12 couples the received signals to duplexer 14 which provides the
received signals to the receiver portion of telephone 10. Duplexer 14 also
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there are twontrailednhamiplifier f18eq J&mcIEssxgmlbeameamplifaed at a gain level
determined by an AGC signal (Vgc) which is also provided to amplifier 18.
Amplifier 18 is capable of providing linear control of gain over a high
10 dynamic range, such as in excess of 80 dB, on the basis of Vogc. Amplifier 18
may be of a design described in, for example, U.S. Patent No. 5,099,204,
entitled "LINEAR GAIN CONTROL AMPLIFIER", and assigned to the
Assignee of the present invention.
In the above-referenced U.S. Patent No. 5,099,204, a compensation
15 circuit is employed to achieve a desired dynamic range of linear control. In
particular implementations such control may be provided by the
amplification circuit in the absence of assistance from a compensation
circuit. Included among such implementations are those, for example, in
which several amplification stages are arranged in cascade. Similarly, the
20 availability of a high-voltage power supply may eliminate the need for a
compensation circuit.

The gain controlled IF signals are output from amplifier 18 to a
second frequency downconverter, downconverter 20, where the IF signals
are converted to a lower frequency range and are provided as corresponding

25 in-phase and quadrature-phase baseband signals Igg and Qgg. In the
embodiment shown in Figure 1, the baseband signals in the CDMA mode of
operation are I and Q samples of encoded digital data which are output for
further phase demodulation and correlation. In a dual mode receiver,
downconverter 20 also frequency downconverts FM signals so as to provide

30 baseband FM in-phase and quadrature-phase signals, which are further
phase/frequency demodulated into an audio output signal.

Detector 25 measures the strength of the signals output by
downconverter 20 and generates a corresponding received signal strength
indication (RSSI) signal. The RSSI signal, along with an AGC reference

35 signal (AGC_REF) supplied by a controller (not shown), are provided to a
saturating integrator network 22. The AGC_REF signal corresponds to a
desired signal strength level for the baseband signals. The controller also
provides AGC limit low {AGC_LOW) and AGC limit high (AGC_HIGH)
reference 51gnals to saturating integrator 22. The AGC_ HIGH and

laced
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15 errors. o |

As is described below, saturating integrator 22 is operative to integrate
the difference between the RSSI and AGC_REF signals when Vgc is
between AGC_HIGH and AGC_LOW. When presented with an input
which would cause V¢ to exceed AGC_HIGH or fall below AGC_LOW

20 integrator 22 stops integrating and the gain control signal Vacc is held
constant at either AGC_HIGH or AGC_LOW, thereby improving control
loop response as described above. -

Referring again to Figure 1, saturating integrator 22 receives the RSSI
signal from detector 25, along with the AGC_REF sighal from the controller.

25 In order to provide accurate power control, in general it is necessary for the
difference between the RSSI signal and the AGC_REF signal to be
minimized. Saturating integrator 22 is used to provide this function in the
AGC loop by forcing the difference to zero. For example, if the gain of the
signal is too high, the RSSI __signal will also be high as compared to

30 AGC_REF. Until these signals are of equivalent magnitude, the integrator
output signal Vacc will continue to decrease the gain of amplifier 18. _

It should be understood that the RSSI measurement can be made at
various points in the processing of the received signal. Although Figure 1

- illustrates that the measurement is made after frequency downconversion

35 by downconverter 20, the measurement can be made at any point in the
signal processing chain following IF amplifier 18. The RSSI measurement
will preferably be made subsequent to completion of signal filtering, thereby
minimizing the measured spurious interference power. In using analog
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Referring now to Figure 3, there is shown an exemplary embodiment

of the automatic gain control apparatus of the invention which includes a

10 partially analog implementation of saturating integrator 22. In Figure 3, the
saturating integrator includes operational amplifier (op amp) integrator 40
having a capacitive feedback network. In particular, integrator 40 receives
the AGC_REF signal through resistor 42 at its non-inverting input, to which
is also connected capacitor 43. When switch 44 is closed in response to

15 control information provided by integrator decision logic 46, an RSSI signal
output by RSSI detector 48 is received by integrator 40 through resistor 50.
When switch 44 is held in an open position in response to control
information from integrator decision logic 46, a capacitor 52 serves to hold
the output (Vagc) of integrator 40 constant at either AGC_HIGH or

20 AGC_LOW. This prevents saturaticn of amplifier 18 when the magnitude
of the IF input signal departs from a predefined dynamic range.

Again referring to Figure 3, an embodiment of a switching
arrangement is shown using RF switches 49 and 55. RF switches 49 and 55
couple CDMA TF bandpass filter 51 to IF amplifier 18 during CDMA mode as

25 shown by the setting of the switches in Figure 3. In FM mode, the position
of RF switches 49 and 55 changes to couple FM IF bandpass filter 53 and
limiter 54 to IF amplifier 18. FM IF bandpass filter 53 for rejecting out-of-
channel interference defines the bandwidth of the FM signals provided
through limiter 54 to amplifier 18. For example, in FM mode operation the

30 FM IF filter 53 is designed to have a passband spanning approximately one
cellular channel (e.g., 30 kHz), and a stopband extending significantly beyond
(e.g., +/- 60 kHz) the IF center frequency. During CDMA mode operation the
CDMA TF filter 51 is designed to reject out-of-channel interference and
defines the bandwidth of the CDMA signals provided to amplifier 18. For

35 example during CDMA mode, CDMA IF bandpass filter 51 may provide a
passband commensurate with the chip rate of the baseband portion of the
receiver (e.g. 1.26 MHz), and provide a predefined rejection bandwidth {e.g.
1.8 MHz). In an alternative embodiment, limiter 54 could be in the
common path before IF amplifier 18.
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an oxerpliepfefor V?ﬁ%ﬁ%‘?gﬁﬁr‘\ mode SR | ¢ gai n cont ol apparatus (AGD |
of t hen& esentFegumsnﬂon and 4B illustratively represent the voltage and power
transfer characteristics, respectively, associated with an exemplary '
implementation of limiter 54. Referring to Figures 4A and 4B, limiter 54
does not attenuate signals having voltage magnitudes less than a predefined ‘
maximum voltage Vm. The saturated power may be quantified as Psay =
15 Vm?/2R,, where R denotes the input load impedance of amplifier 18. For
input power in excess of Psar, the output signal"power produced by
limiter 54 is made to remain constant at approximately Psar by clipping the
peak signal voltage to the voltage Vm. The value of Pg,y will be selected
based on the maximum expected CDMA input power level. Accordingly,
20 for example, high-power sinusoidal IF input signals (Pin> Ps,7), the output
waveform produced by limiter 54 is truncated to a fixed amplitude but has
the same fundamental frequency and phase information is not lost. The
limiter induced harmonic distortion is removed by lowpass filter 56.
Low-pass filter 56, included within the downconverter 20, is designed
25 to have a cut-off frequency" larger than the frequency of the IF signal output
by amplifier 18 in either CDMA mode or FM mode. As noted above, low-
pass filter 56 is designed to attenuate harmonics of the IF signal output by
amplifier 18 prior to downconversion to baseband in-phase (I) and
quadrature phase (Q) components. High-power waveforms clipped by
30 limiter 54 create unwanted harmonics. IF lowpass filter 56 removes the
unwanted harmonics so that they are not converted to baseband along with
the desired IF signal information. In an exemplary embodiment the type,
order, and passband edge of filter 56 are selected to attenuate the baseband
distortion products arising from the IF harmonics inherent in the amplified
35 IF signal produced by amplifier 18.
The filtered IF signal is provided to a first input of a mixer 60, while
the other input of mixer 60 receives a locally generated reference signal from
oscillator 64. Mixer 60 mixes the filtered IF signal with the reference signal
to produce the I and Q baseband (quadrature) components on output lines 70
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PCT/ US95/ 052gnmodulated FM signal (i.e., a continuous wave {CW) signal)ifgomean
shows a pref fgRdDITHSHEYeTRAor0fSpdieridfily, 3RDRE @DLWﬂPbré@?ably be operative to
produce an output frequency of approximately 100 Hz in response to an
input CW signal at the mid-band IF frequency. In this way input D.C. offset
errors tending to corrupt RSSI power measurements are removed by a D.C.

10 notch filter 66 without attenuating CW signal information.

Referring again to Figure 3, output lines 70 and 72 are respectively
connected to baseband I and Q lowpass filter networks 76 and 78. Filter
networks 76 and 78 will preferably each be implemented so as to provide
lowpass transfer functions exhibiting cutoff frequencies of 13 kHz

15 and 630 kHz, respectively, during FM and CDMA mode operation. In an
exemplary embodiment filters 76 and 78 each include a pair of filters, one of
which is employed during CDMA mode operation and the other during FM
mode operation. The individual filters included within networks 76 and 78
are switched into the baseband I and Q sighal paths, respectively, in

20 accordance with the selected mode of operation. In the preferred
embodiment the system controller includes means for switching the filters
included within the filter networks in accordance with the operative mode
selected.

In addition to performing and anti-aliasing function for A/D

25 converters 86 and 88, lowpass filters 76 and 78 also provide out-of-band
signal rejection. In the preferred embodiment, filters 76 and 78 have high
gain, and high stop-band rejection. As a result, IF bandpass filter 51 and 53
can have less stop-band rejection, and therefore can be less expensive.

After filtering by baseband filter networks 76, 78 and by D.C. notch

30 filter 66, the resulting baseband I and Q-signals are provided to RSSI
detector 48. RSSI detector 48 provides an output RSSI signal indicative of
measured signal power (in dB). The difference between the RSSI signal
output by RSSI detector 48 and AGC_REF is integrated within saturating
integrator 22 so as to produce the control voltage Vacc.

35 Again referring to Figure 3, the I and Q outputs of the baseband filter
networks 76 and 78 are also provided to I and Q analog to digital (A/D)
converters 86 and 88, respectively. A/D converters 86 and 88 operate to
quantize the baseband I and Q signals for digital demodulation in the
selected operatwe mode, i.e., either COMA or FM In the preferred
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L2ne bl 55 e HRBREST e Rt S S A/ PBSRALE 0S5 88 oo ver
i s di 10| provideshbcto 8 bnsacpfaﬂynamm rageh  This dynansicaange issdéficient to
prevent degradation in the signal to noise ratio of the input to A/D
converters 86 and 88 as compared to the signal to noise ratio of the
quantized digital output of A/D converters 86 and 88 for any RF input level. | ‘
For example, when V,gc reaches AGC_LOW, limiter 54 constrains the
15 amplitude of the IF signal. In this way, the signal level at the input of A/D
converters 86 and 88 may exceed the level indicated by AGC_REF by only
some fixed amount. Therefore, A/D converters 86 and 88 will continue to
accurately quantize the baseband signals at the increased level.
Likewise the dynamic range of A/D converters 86 and 88 is sufficient
20 to prevent degradation of the signal to noise ratio at low RF input signal
levels. For example when V,¢c reaches AGC_HIGH and switch 44 opens, if
the input RF signal continues to fall, the baseband signal level at the input
of A/D converters 86 and 88 falls below the level indicated by AGC_REF.
The decreased level of the signal input to A/D converters 86 and 88 results
25 in less than full utilization of the device, i.e., some of the bits of the output
of the A/D converters 86 and 88 are not used. For larger RF input signals,
the entire dynamic range of the A/D converters 86 and 88 is utilized during
the conversion process. Hence, the AGC apparatus of the invention enables
a limited range AGC control loop to be used in demodulating signals
30 spanning a substantially larger dynamlc range than the control range of the
IF amplifier 18.

Figure 5 depicts an exemplary implementation of decision logic 46
operative to control the position of the switch 44. As shown in Figure 5, the
AGC_HIGH and V¢ signals are presented to logical comparator 104.

35 When Vgc exceeds the level of AGC_HIGH, the output of comparator 104
becomes a logic level one (1).- The output of comparator 104 is logically
AND'ed with the output of flip-flop 110, which is at a logic level 1 due to the
closed position of switch 44. The output of flip-flop 110 is delayed through
delay element 114 to prevent excessive, spurious toggling of the position of
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opened, the RSSI signal indicates a smaller sxgnal than AGC REF and the
output of logical comparator 102 becomes a logic level 0. When the RSSI

10 signal exceeds the level of AGC_REF, the output of comparator 102
transitions high and the output of AND gate 106 also transitions high, thus
setting the output of flip-flop 110 to logic level 1 and closing switch 44. Delay
element 112 and AND gate 106 function similarly to delay 114 and AND gate
108, and prevent closure of switch 44 until it has been open for a predefined

15 time period. :

An analogous sequence of logical operations is executed when the
level of the RF input signal exceeds the AGC range. When V¢ falls below
the level of AGC_LOW, the output of comparator 118 becomes a logic
level 1. The output of comparator 118 is logically AND'ed with the output

20 of flip-flop 124, which is at a logic level 1 when switch 44 is closed. The
output of AND gate 122 then transitions from low to high, thus resetting the
output of flip-flop 124 to a logic level 0. This causes a logic level 0 to appear
at the output of AND gate 130, which results in the opening of switch 44.
When switch 44 is opened, the RSSI signal is no longer forced by the loop to

25 be equal to AGC_REF. Upon the loop being opened in this manner the
RSSI signal will be larger than AGC_REF and the output of logical
comparator 116 will be at logical level 0. When the RSSI signal becomes
smaller than AGC_REF, the outputs of comparator 116 and AND gate 120
transition high. The transition sets the output of flip-flop 124 to logic level 1

30 and closes switch 44. Delay elements 126 and 128 and AND gates 120 and 122
function similarly to delay 114 and AND gate 108, and serve to prevent rapid
toggling of switch 44 between open and closed positions.

The logical output of AND gate 130 can be considered an integration
enable signal and is impressed upon a switch control line 124 connected to

35 switch 44. In the preferred embodiment switch 44 is closed in response to
the impression of a logical 1 upon control line 124, and is opened when a
logical 0 is impressed thereupon. Integrator decision logic 46 thus controls
when the difference between the RSSI and AGC_REF signals is integrated by
op amp integrator 40. In this way mtegrator dec151on logic 46 and
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range of the AGC loop, and accordingly AGC_LOW < Vace < AGC_HIGH
(Figure 6C). At time t=t;, integrator decision logic 46 determines that V,gc
has reached AGC_LOW, and consequently opens switch 44. Switch 44 ' o
remains open over the time interval t; < t < t, during which time integrator
15 40 is prevented from integrating the difference between RSSI and
AGC_REF. During this time the input of A/D converters 86 and 88 is
constrained by limiter 54. At time t=t, the RF input signal power has again
become less than the upper bound of the loop control range, which results
in switch 44 being closed by integrator decision logic 46 and V¢ exceeding
20 AGC_LOW. Switch 44 then remains closed over a second integration
interval (t; < t < t3) until the control voltage V,gc reaches AGC_HIGH, at
which time switch 44 is again opened by integrator decision logic 46. During
this time the input of A/D converters 86 and 88 varies in response to
changes in RF input signal level. In a similar manner switch 44 is closed by
25 integrator decision logic 46 at times t,, t; and t; in order to initiate third,
fourth and fifth integration intervals. -

Referring now to Figure 7, there is shown a preferred embodiment of
the AGC loop of the invention in which is included a digital realization of
saturating integrator 22. In the embodiment of Figure 7 digital highpass

30 filter 150, rather than analog D.C. notch filter 66, is employed to remove the
D.C. offset inherent in the baseband I and Q samples produced by A/D
converters 86 and 88. The cutoff frequency of filter 150 is selected to be
substantially less than the frequency offset introduced within mixer 60. In
an alternate implementation of removal of the D.C. offset may be achieved

35 by:

(i) separately determmmg averages of the baseband I and Q signal
samples, and '
(ii) subtracting the resultant D.C. component from each I and Q
component prior to further processing. '
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The received power estimate, i.e., the RSSI signal, produced by RSSI
detector 154 is supplied to digital subtractor 158 along with the AGC_REF
signal. The resulting error signal is then scaled in accordance with a desired
15 loop time cons.ta__nt‘ ts by digital scaling multiplier 162. The loop time
- constant t; is chosen in accordance with the expected fading characteristics of
the RF input signal. Relatively short loop time constants (faster loop
response) will generally be selected to enable tracking of signals exhibiting
abrupt fading characteristics while slowing the loop response to a level that
20 does not cause ex_cﬁe_ssive overshoot or ringing given the delays introduced
in the loop by filters and other elements.
In a preferred embodiment scaling multiplier 162 may be
programmed to -mi_xltiply the error signal from subtractor 158 by a first loop
time constant in response to decaying RSSI signals, and to multiply by a
25 second loop time constant when the value of the RSSI signal is increasing.
This allows for further flexibility in tailoring the AGC loop response on the
basis of the fading characteristics of the operational environment and
minimizes loop overshoot.
Referring agaih to Figure 7, scaled error signal generated by scaling
30 multiplier 162 is provided to saturating accumulator 166. Saturating
accumulator 166 operates to accumulate values of the scaled error signal
into an aggregate error signal until the aggregate error signal reaches either
AGC_HIGH or AGC_LOW. The value of the aggregate error signal is then
held at either AGC_HIGH or AGC_LOW until a scaled error signal is
35 received which, after combination with the existing aggregate error signal,
results in an aggregate error signal within the range defined by AGC_HIGH
and AGC_LOW.
Figure 8 depicts an exemplary discrete time implementation of
saturating accumulator 166. As is indicated by Figure 8, the scaled error
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10 The digital implementation of highpass filter 150, RSSI detector 154
and saturating integrator 22 depicted in Figures 7 and 8 offers several
advantages relative to corresponding analog realizations: For example, the
digital components utilized therein are not susceptible to temperature drift, ‘
and allow the integration time constant to be adjusted in accordance with

15 expected signal fading conditions so as to expedite loop signal acquisition. In
addition, a filter and integrator implemented in digital form occupy
significantly less volume than a corresponding arrangement of discrete
resistive and capacitive components. | |

It is also anticipated that the utilization of a digital RSSI detector and a

20 digital saturating integrator will result in iniproved accuracy. In particular,
during the périod when the value of V,gc is required to be maintained at
either AGC_HIGH or AGC_LOW, capacitive discharge and the like
associated with analog components will generally result in the value of
Vacc "drooping” from the desired level over a period of time. The digital

' 25 implementation of the saturating integrator shown in Figures 7 and 8 does
not exhibit the signal "droop" characteristic of analog implementations.

Referring again to Figures 7 and 8, the control signal stored within
register 174 of saturating accumulator 166 is provided to digital to analog
converter (DAC) 190. In a preferred embodiment the resolution of DAC 190

30 will be sufficient to provide an output analog AGC step size of less
than 1 dB. Alternatively, a pulse width modulated (PWM) or pulse density
modulated (PDM) output pulse sequence of 0,1 logic levels is produced in
response to the control signal. PDM signaling is explained in U.S. Patent
Application No. 08/011,618, entitled "Multibit To Single Bit Digital Signal

35 Converter", and assigned to the Assignee of the present invention. The

| 'éverage value of the output pulse sequence corresponds to the desired
analog output voltage.

The analog output provided by DAC 190 is passed through lowpass

filter 194 prior to being applied to the gain control port of IF amplifier 18.
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Again, however, subsequent baseband processing designed to suppress
undesired D.C. feedthrough passed by mixer 60 also tends to destroy signal
15 information centered about the received carrier which occurs for
modulation schemes such as FM, and continuous-phase FSK.
In accordance with one aspect of the invention, the L.O. frequency of
the IF oscillator 64 is selected such that the received carrier is mapped to a
baseband frequency offset from D.C. by a predetermined margin. A D.C.
20 feedthrough suppression loop 200 (Figure 9) enables cancellation of
undesired D.C. feedthrough while simultaneously preserving signal
information at the received carrier frequency. In a preferred
implementation the L.O. frequency is chosen to be offset by a small amount
(e.g., 100 Hz) from the carrier frequency nominally resulting in
25 downconversion of the received spectrum to baseband. It follows that the I
and Q channel signal energy output by the mixer 60 at the predetermined
offset frequency (e.g., 100 Hz) corresponds to the information impressed
upon the received carrier frequency. The downconverted spectrum,
including carrier information, is passed to A/D converters 86 and 88 while
30 undesired D.C. feedthrough from mixer 60 is suppressed. Although this
process results in the attenuation of energy at the frequency spaced from the
received carrier by the predetermined offset, in many applications (e.g.,
voice communication) the suppressed low frequency energy carries
minimal usable signal information. Accordingly, the D.C. suppression loop
35 200 advantageously allows cancellation of extraneous D.C. feedthrough
without destruction of information present at the received carrier frequency. -
As is indicated by Figure 9, the D.C. feedthrough suppression loop 200
includes I and Q channel digital integrators 204 and 206 having input ports
operatively coupled to the outputs of LPFs 76 and 78 through A/D
" This Sheet Has Been Reilaced
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9 PV bs/5u2 %rol techni ques for .both the w deband anﬂ&%@@%%fﬁd signal s,

t he sane” pOWer contT o CHrettryr—= be used for .both rati on.
Wth respect to- a tHEnSAEE EFSEEEN pn 30 of the portable tel ephone of
Figure 1, transnilt_powSEPtaCEPso cofit®ol 1 ed. The V[err] signal "is again

used toc aveftavs <3 aﬁatwtﬁé& eeﬁ nt rml e eHBHEﬁfﬂéntpW%ﬁ ode.

The err rov ded t transmtter porti on w th
vari ous mte&‘i% gﬁﬂn?ﬁ“il 06 @FPaF%SHQCS‘l’ﬁe %éf‘ﬂb?ﬁeﬁom dp %’ﬂ'éfe 5%\93;13“3 )
Referri patpaw op AF/IQLtfoewartewsseancs 88h0The aes6alts 5 &ich ﬁitbgmimnare of the
autorratlc ai,n contr ana e |nve th i nCl udes a 10
partial 19 ﬁEfFGQt 8&1? %’Xs{)?nga(ﬁ prﬁf‘f‘ﬁ F’e!\gf’a‘%f!ﬂl% SONVEMErSy e 3,

t he 54D/ma)t2083and12é0,rwhmh arecdeenido presp! i in oéecbbefweerﬁthé

| nt ogr adnjeeigtore AN, AR 206 B Ankog %S@?%%F%#e%% %L"@? 8 g

non- i nveonistants rplidigital integrators 204 andcaﬂlhemaydbeeqwntedrsm théken switch

ggc: s g'nﬁ tdiz g@&g&’ﬁ%?g’soaﬁé u&ﬁa&;s&sw@ftar §BhaP pow& af Gredqiiendids Or at OF
Hz and above. The resultant D.C. cancellation signals produced by
10 mtegrators 204 and 206 are nominally equal to the undesired D.C. errors
~ introduced in the signal path by mixer 60, LPFs 76 and 78, and A/D
converters 86 and 88. In this way it is ensured that the power level provided

to A/D converters 86 and 88, and hence also to the RSSI circuit 154, is ‘
indicative of the power level actually received by AGC circuit 22. Hence, the
15 D.C. feedthrough suppression loop 200 functions to maintain the integrity of
the received power level even during elimination of undesired D.C.

feedthrough. _

Turning now to Figure 10, there is shown an analog implementation
of a D.C. feedthrough suppression loop 230 (which can be substituted in Fig.

20 9 in place of 200) operative to eliminate undesired D.C. feedthrough while
simultaneously preserving the level of signal power supplied to RSSI
detector 154. The L.O. frequency of the IF oscillator 64 (Fig. 9) is again
selected such that the carrier frequency is mapped to a baseband frequency
offset from D.C. by a predetermined margin. The D.C. feedthrough

25 suppression loop 230, in a manner substantially similar to that described
above with reference to the suppression loop 200, enables cancellation of

" undesired D.C. feedthrough while simultaneously preserving signal
information at the received carrier frequency. Specifically, by appropriately
selecting the gains at integrators 234 and 238, the downconverted carrier

30 information mapped to the offset frequency is passed to A/D converters 86
and 88. As discussed above, undesired D.C. feedthrough from mixer 60 is
then suppressed by subtractors 212 and 214.

The D.C. feedthrough suppression loop 230 also operates to ensure
‘that the baseband signal power provided to A/D converters 86 and 88, and

35 hence to RSSI detector 154, is indicative of the signal power actually
received, and is uncorrupted by extraneous D.C. signals.

In an exemplary embodiment it may be desired to modify the D.C.
feedthrough suppression techmque described above in order to
accommodate the reception of received FM signals corresponding to

This Sheet Has Been Reﬂlaced




out put by RSSI det ect or_48 is received by integrator 40 through resistor

i, nf or mat | OSV(?&&%%E grat Qﬁ%ﬁ, LRSHELQPGN position in responsgetfsdspiishO!

g on gic 46, a capacitor 52 serves to
hol d t he out put (M p

40 constant at either AGCH GH or
20 AGCLOW This prevents saturation of amplifier 18 when the magnitude

of the IF i "&kﬁltﬁt&i@'aﬁi@@%rﬁgnéléomw rpaiﬁbulutw dismeentaur apphcatwns the

Again referr nbaodi [

Shown Usi ng TRFSE: BN iR0aL ARnCe REPEaned 3 s, ul-tone T RARERRRL  L°

ggtnflpass ]1: | ltdﬁﬂi ﬁée;d of hfsehopbtatiomary.gi. eiuﬁxeny-ftmuennmEl\'hslgnal @mmngsltSt he
ing o SW

swi t ches 49 ‘Xﬁﬁ’%%accc!hg‘%b‘é’ga@ g@ﬁﬁ)q%‘lenk:@fxgs ass F%?gﬁﬁgge orO]ﬂ ket ¢

limter 545ta partioubar faxmlogBtorm | Ii‘luarmpars s‘equmee that ther lq‘g]-tgequﬁgcy

out - of - fé‘t@f&
provi ded %‘Hﬁlﬁhﬁh i @?édt@?l fler 18, Fo?kgggfmhmpl:énw?
operati on t eomsporentsrbe; preserved. s Afserdingdy+ if Rasta B%r?llﬁg

appr oxi mat el g Rifuced F@Ieﬂ@m U‘a%@illa(t@rgﬂ 3 oss«i?bllé ahat opartichlar

ext endi
i regugngg Ny gnl f a0 38‘%@‘8(%1& gﬁ%ﬁgped l-ézl)l'ﬁ(#ﬁ P%sf b%ﬁat@ Gdie ‘gned
'E:ngA\eJSIeC';];lolmﬁglmbaéebameﬁé aialxgﬂlnch s be gresénd D& deedthmough) he
CDMVA | nganmg@sfqalsfé& @% N regg?l 1t R)r dﬁuﬁé@%ﬁd&comnsurat e qu{iE: t he
chip rate oftfeedthroaghtand u |s:gmtlfmfcm;1atlon mapped by anixer 60:tg haseband g
provide a prggeli Bated $heCHIEN fEeiiftbdlR éEpPression loops 200 and 230 will
generally be designed to cancel substantially all D.C. signal energy produced
15 by mixer 60, it is conceivable that useful intermodulation information could
be eliminated along with the undesired D.C. feedthrough.
Referring again to Figure 9, i1 accordance with another aspect of the
invention this difficulty is addressed by providing an L.O. offset
modulator 260 operative to introduce time varying variation into the D.C.
20 offset applied to the nominal L.O. frequency. The term “nominal” L.O.
frequency refers to that frequency at which the received center carrier
frequency is mapped to baseband D.C. by mixer 60. Because in this case the
L.O. offset frequency supplied to mixer 60 is not static, but instead varies
over a predefined range, received stationary components will not be
25 continuously mapped to baseband D.C. but will instead be mapped to
baseband frequencies based on variation in the L.O. offset. Hence, useful
low-frequency intermodulation products may be distinguished from
undesired D.C. feedthrough, because D.C. feedthrough remains at baseband
D.C. notwithstanding variation in the frequency offset applied to the L.O.
30 oscillator signal. Accordingly, the offset modulator 260 allows the D.C.
feedthrough suppression loop to eliminate undesired D.C. feedthrough
while simultaneously preserving certain stationary signal information.
The modulated frequency offset introduced to the nominal L.O.
frequency may be characterized in terms of a mean offset frequency, a
35 minimum and a maximum offset frequency, and an offset modulation
frequency (i.e., the rate at which the offset is varied between the minimum
and maximum offset frequencies). For example, in a particular embodiment
the mean frequency offset is selected to be 100 Hz, the minimum and

L—-—-.LI._.L
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1.8 MHz). In an alternative enbodinent, limter 54 could be in the

commn %%’Eﬁﬁne | F anplifier 18. mmshssmszsv

M ter 54 attenuates high power RF signals,
pr| nci pal ly recei ved during FM node 8per ation. FM si gnal s may exceed the
maxi mum  power of signals encount er e@Vdur i ng CDVA node operation. In a

pr ;91;] err ?ﬂmaxﬁﬁtiﬁﬂbff@é[fs areMiespéctbrel Iodhdsénttﬁeoe B?IHzIQ?WBIS(]! Mz nand ih@rt 18 to
within the characteristic of CDVA operation. -
Limiter offset éﬁ?@%gpﬂggmqu%ﬁeﬂgﬂzt he automatic gain contrgl ( AGO)

| oop of Fi guifethe deschbedea'nboédnemtd_mﬂsémm $uild aheFNk FSK] edl GWKb dénigc c
range, Q i e

Conro  MeREEEY phed Th e\ A0S Lol 66° 3086 %Y gﬁ 6 Al o

i 11 ust r atdenabdulator ¢setrshavm). vE‘heagedutahqmmgnal introducest HaQacnfiset stics,
respect | Viloduline 960 8 4 A RUcdRbaiment) BhBE eisily Rlinged ufih o1 54

Referrlngto Imt
the FM demodulation by a digital high pass filter with a cutoff frequency

somewhat higher than L.O. offset modulators 260’s maximum offset
frequency without affecting audio quality.

10 The previous description of the preferred embodiments is provided
to enable any person skilled in the art to make or use the present invention.
The various modifications to these embodiments will be readily apparent to
those skilled in the art, and the generic principles defined herein may be (
applied to other embodiments without the use of the inventive faculty.

15 Thus, the presént invention is not intended to be limited to the
embodiments shown herein but is to be accorded the widest scope consistent
with the principles and novel features disclosed herein.
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does not attenuate signals having voltage magni tudes | ess than a predefined
maxi num vol a% The saturated power nay -be quantified as §f6g %
ViMferr]/2R[ e rr| ere RL denotes the input |oad inpedance of anp Pler 18.
For i nput power in excess of Plerr], tg out put signal power produced by
limter 54 is made to remai n constant at gproxinately Plerr] by clipping

t he peak signal voltage to the vol t@jeApW§The value of Plerr] will be
sel ected based on the maxi num expected CDMA input power |evel.

Accordi ngly, 20 for exanple, high-power si nusoi dal | F input signals (Pin>

Plerr]), the outpuat Azm\aitomatw giivc eonirwl la ﬂus%d@dﬁfguaﬁad dstable
fixed ampli ment.al fr t|on

ude but th hase i.nfor
| rot Ahst? Sam nplifier She; adivSBI- A, antabieD HaviRg, &% Bt opOH) ot
| owpass filt aecdifing an input signalpasontrd]tport F6r recmwtged gaiih montxtdiesxgnal

the T 1 oquer b o, ol PRRE.(SD Rbidihs o Uhimie sl B0 el BhiHc o

node or FM rrmgtrokamtmsmmsmgt/\f pass filter 56 is designed to

Snazins Bt St %‘&?gﬁ“‘“ﬁ*@"“‘a R e

conponent s ed b?s"ih? ffﬁﬁéﬁn@lse ﬁéatpepmt%d

Pﬁrmoni cs. %lﬁalséMQR?Ssal hI eﬁalaGdbmﬁre&i& beirigh o Sas:arﬁéﬁt
ey are no converte as eslire

| nf or mat i on, (TEAUENGY xeﬁpway SHRBHE fenal s ?waaned §r%ﬂaenca*na>ff§s§§uérm
edge of fi10 gredétetmined neariginl ftomaDi@nuat e the baseband di stortion

products arising fyqgd h?eéfhp&gﬂngaﬁp+&@9mso 350! I i feleive said

12 baseband signal, for suppressing D.C. feedthrough signals produced by said
frequency downconverter and for providing a compensated baseband signal;

14 means for generating a received power signal based on power of said
compensated baseband signal; and
16 saturating integrator means for comparmg said received power signal

to a reference signal and for generating an error signal in response to a result
18 of the comparison, said saturating integrator means including means for

providing said gain control signal by selectively integrating said error signal
20 based on values of said error and gain control signals.

2. The automatic gain control apparatus of claim 1 wherein said
2 D.C. feedthrough suppression loop further includes: '
a subtractor having a first input for receiving said baseband signal,
4 and an output port operatively coupled to an input of a low-pass filter; and
an integrator having an integrator input port operatively coupled to
6 an output port of said low-pass filter, and having an integrator output port
operatively coupled to a second input of said subtractor .

3. The automatic gain control apparatus of claim 2 wherein said
2 D.C. feedthrough suppression loop further includes:

an analog to digital converter coupled to said output port of said
4 low-pass filter; and

a digital to analog converter interposed between said integrator
6 output port and said second input of said subtractor .
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Thl Sh\.et Has Been Replaced
35 I F signal produced by anpllfler he filtered IF signal is

provided to a first input of a m xe i the ot her input of m xer
60 r eceMPISR2] ef u from Gg@’rs?%é?ﬂr 64.

M xer 60 m xeg THhiS SHEETErERIBFEN S gnal W|th t he reference signal ‘to _
produce the. I iand Q?ba!;ﬂbéﬂd (qu dratz?re) conponents on output lines 70 -

11 and 724 Tﬁ??ﬁéla;t]ﬂ&hancgﬁx%ﬁ&b gh&tqg%fmﬂ\é%ﬂglfé higeauency

whi ch is off fromht enter uenc apree mar gi n, e. g.
from3%P mmsgse% eoBferther m@da%ndyghm filten, c of f set

mar gi n air{t ﬂ?\ﬂ p;ﬁfubf I di stingui sh
1 nm)dul ated EM si gnal : ,gélg l?%ﬁ??%sugldgyég(\i/éai(c%\/\) signal) from

bet wee
an 5 ,%mtga@ HRUROR; ¢ o . SpeC|f|caIIy, m xer 60 will preferably be
operatlve to produce an out put :

5. The automatic gain control apparatus of claim 1 wherein said
2 saturating integrator means includes first means for selectively enabling
said error signal to be integrated only while magnitude of said gain control
4 signal is less than a first predefined threshold, and second means for
selectively enabling said error signal to be integrated only while magn'itude

6 of said gain control signal exceeds a second predefined threshold.

6. The automatic gain control apparatus of claim 1 wherein said ' '
2 downconverter includes:
a mixer having a first input port for receiving said output signal; and
4 a local oscillator connected to a second 'input port of said mixer
-wherein frequency of said local oscillator is selected such that said center
6 frequency of said output signal mapped to said baseband frequency offset by
said predetermined margin from said baseband D.C. frequency.

7. The automatic gain control apparatus of claim 6 wherein said

2 downconverter includes an offset modulator cirduit for varying said

frequency of said local oscillator circuit so as to vary said predetermined

4 margin by which said center frequency of said output sxgnal is mapped
relative to said baseband D.C. frequency.

8. The automatic gain control apparatus of claim 7 wherein said
2 downconverter includes a mixer coupled to said output port of said
~ adjustable gain amplifier, said mixer being operatwe to downconvert said
4 output signal to I and Q baseband signal components of said baseband signal.

9. The automatic gain control apparatus of claim 8 wherein said
2 D.C. feedthrough suppression loop includes first and second low-pass filters
said I and Q baseband signal components, respectively.

10. A method for automatic gain control using an adjustable gain

2 amplifier, the adjustable gain amplifier having an input port for receiving
an input signal, a control port for receiving a gain control signal, and -an
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frequency of approximately 100 Hz in res o |_n,fguthi\/\/5| gnal at the
m d- band | K 095)‘35zelguency In this way i nputHi®SE! Ef“j’ fi’?i-r}tﬁ?g@& to

corrupt RSSI "pOWEr neasur enents are renmoved?
Referring again to Figure

wi t hout attenuatlng CWsignal informatio _
3, out put lines 70 and 72 are respective connected to baseband 10 | and Q

channel Wp@é? dre tér W&?n &n Fdpubsi ali"tﬁe%éﬁﬂiw&map?ﬁﬁx fhesré
Wi | ef feach e |nplggnent ed sogg\s to provide lo sg7trans?
functi ons e *biting cutoff frequenm es of 13 kHz and 630 kHz,

respect i ve|5y, durdﬁﬂ'nk_:bh&éﬂ p@ff ahicbrbuﬂpiltaﬁl nal%@'b@&dband
enbodi nent and chan n filte

an 8,each Iude a_pair .of
one of vvhf ERUFE e?ﬁ)?ﬁ) E’BGPF%Q %8% ?ﬁ‘e&ha lf'lnére&f"ﬁgf:y& ring
FM node op@&rsdidooutpue signahdsvimapped itot e basebandefreguenicy bffsetl by a

channel LPFs e nto the baseband | and Q signal
pat hs, respeggl vgé}qmz‘gd%gc%wa%ﬁ@eﬁvs:l’h the sel ected node of operation.
In the praferred sxmwismgt D:Gefesdtheonghy signals eaccomwexsg ichdaseband
swi t chi ng thﬁgﬂ b §£4s prdnﬂ&é qg‘)@nﬁ%é%l:éﬂbﬂfe etvvor ks in accordance

with the oper |verm selecte operform an
anti-al i adng funsememtm amsceeﬁ%rpewgrselm hsse andpewz@r asaid

LPFs 76 and E&n?bﬁﬁtﬁg\dmﬂ,&gﬁﬁ}-bﬁad signal rejection. In the preferred
enbodi nen filters 76.an e and hi sto and rejection.
ne o resuld | integiatingseleqiveDfa difterelis beriien Sl el Biwer sigrial

rej ection, ammduahreferencesignal basedesis values)qfesaid eeror and gam/\fdmrolfagnaim ng
by I and Q channel LPFs 76, 78 and by D.C. notch filter 66, the resulting
25 baseband | and Q signals are provided to RSSI detector 48. RSSI detector
48 provi des an out put RSSI signal indicative of nmeasured signal power (in

dB). The difference between the RSSI signal output by RSSI detector 48
and AGCREF is integrated within saturating integrator
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Zé so as to produce the control voltage Vferr]. Again referring to
Fi gure 3, theobssneds Q outputs of the | and Q channel LPFs 76 BOmUS®Sios2s? 30
alisso provided to | and Q analog to digital (A/D) converters 86 and 88,

respectively. A/D converters 86 and 88 operate to quantize the baseband
| and Q signals for digital @leffddul ationyyqg in the selected operative
nmode, i.e., either COMA or MOl iQthe preferred WD 95/ 30275

PCT/ US95/ 05257 ’ %\ m 12  enbodi nent the
dynam ¢ range of A/ D conver{ferJ 86~Ngnd 88 ct ed to be sufficient to
accommodat e signals that exdeed t e%cm of the AGC apparatus of
| F anplifier 18. As was not bovel__lthg geto Figures 2 and 3,

P constrains the control 5

211
decision logic 46 within sgituddting I nte 2
Y TF< AGC H GH. This

10

vol tage VAGC to within the}rghge JAGCLONV
prevents anplifier 18 fronm s@urgting in al npr ijnear operating region.
Accordingly, A/D converterp ajd 88 are pepijgrjed to quantize input
signals, w thout excessgveld tion, whefher] qr not integrator 40 is
saturated. In the prefenred & Jlrrent, each} df |A/ D converters 86 and 88
g 88
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10 provi des_6 8 bits of dynami c range. This dynamic range is sufficient
to pr evelfl a@@ adation in the si ghal to noise ratio of th&CIAjsa%/0%287 A/ D
converters 86 and 88 as conpared to the signal to noise ratio of the

gquanti zed digital output of A/D converters 86 and 88 for any RF input

| evel . For exanple, when V[err] reach340AGC LOWN liniter 54 constrains
the 15 anplitude of the IF signal. In this way, the signal level at the

i nput of A/D converters 86 and 88 nmay exceed the |evel indicated by
AGCREF by only some fixed anmount. Therefore, A/ D converters 86 and 88
will continue to accurately quantize the baseband signals at the

i ncreased | evel Li kewi se the dynam c range of A/ D converters 86
and 88 is sufficient 20 to prevent degradation of the signal to noise ratio
at low RF input signal | evel s. For exanple when V[err] reaches AGCH GH
and switch 44 opens, if = the input RF signal continues to fall, the
baseband signal |evel at the input of A/D converters 86 and 88 falls
bel ow the | evel indicated by AGC REF. The decreased | evel of the signal
input to A/D converters 86 and 88 results 25 in less than full utilization
of the device, i.e., some of the bits of the output of the A/D
converters 86 andNORMARIZED jsed. For |arger RF input signals, t he
entire dynam c ranAMRIIFIER D converters 86 and 88 is utilized during

t he conversi on prod@ARN (dBnce] the AGC apparatus of the invention enables
alimted range AGC control |pop to be used in denpdul ati'ng signals 30
spanni ng a substantlally+ba[g=r dynam c range tJan the control range of the
| F anplifier 18.

-
CONTROL VOLTAGE
AGC_LOW AGC_HIGH

FIG. 2



Figure 5 depicts an exenplary inplenentation of decision |ogic 46

operative t ueedHoa the position of the switch 44. As shown peynfded/géR75,

t he AGC HHGH and V[err] signals are presented to | ogical conparator 104.
35 WWen V[err] exceeds the level of AGC H GH the output of conparator 104
becones a | ogic |evel one 1). The out put é/ pormpar ator 104 is logically
AND ed wi th theQoed gyt p-flop 110, whi I]l is at alogic level 1 due to

t he cl osed p% E‘r; 25 tch 44. The output of flip-flop 110 is del ayed
t hr ough del am% ntmg to prevent excessive, spurious toggling of the
posi ti on of mmz 5-}::

REPLACEMENT SHE 03:, £€Wexh 44. AND gate 108 and del ay el ement 114
operate to prevéfhi=sSwi t &8 ¥ from bei ng opened until after a fixed
period of time foll¢winglits closure. The out put of AND gate 108

transitions from
to a logic |evel
gate 130 and op
signal and A

h thus resetting the out put of flip-flop 110
&Bng a logic level 0 at the 5 output of AND

. When switch 44 is opened, t he RSSI

no | onger forced by the | oop to be
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- equivalent _1n the case when AGC H GH has been exceeded and the |oop . isS
opened, t h&V 8402 gnal indicates a smaller signal than AGC® %ﬁ@ggﬂe
out put of |ogical conparator 102 becones a logic |evel 0. Wen the RSSI 10
‘signal exceeds-the | evel of AGC_REF, tn@'?utput of conparator 102
transitions high and the output of AND gate 106 al so transitions high, thus
setting the output of flip-flop 110 to logic level 1 and closing switch 44.
Del ay el enent 112 and AND gate 106 function simlarly to delay 114 and
AND gat e 108, and prevent closure of switch 44 until it has been open
for a predefined 15 tine period. An anal ogous sequence of | ogica
operations-is executed when the | evel of the RF input signal exceeds the
AGC range. When V[err] falls bel ow the |l evel of AGC LOW the output of
conparator 118 becones a logic | evel 1. The out put of conparator 118 is
logically AND ed with the output 20 of flip-flop 124, which is at a logic
| evel 1 when switch 44 is closed. The out put of AND gate 122 then

transitions fromlow to high, thus resetting the output of flip-flop 124
to alogic level 0. This causes a logjic level 0 to appear at the output
of AND gate 130, which results in theYopening of switch 44. When swi tch

44 i s opened, the RSSI signal is no |othger forced by the loop to 25 be
equal to AGC_REF. Upon the | oop bei¥g ¢pemed—ina-t-ht s-manner the RSSI

signal will be larger than AGC REF and|the o put of | ogical conpar at or
116 will be at logical level 0. Wen the RsSI fignal becones smal | er
t han AGCREF, the outputs of conparator {126 and' AND gate 120
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transition Qkﬁg] %ge transition sets the output of flip-flop 124 to |logic
l evel 1 30 PH3es switch 44. Delay el enents 126 and 128 XEA/USBENSIST es
120 and 122 function simlarly to delay 114 and AND gate 108, and serve

to prevent rapid toggling of switch 44 between open and cl osed

posi tions. The | ogi cal output of /AAD gate 130 can be considered an
i ntegration enabl e signal and is inpressed upon a swtch control |ine
124 connected to 35 switch 44. In the preferred enbodi ment switch 44 is
closed in response to the inpression of a logical 1 upon control |ine
124, and is opened when a logical O is inpressed thereupon. |ntegrator
decision logic 46 thus controls when the difference between the RSSI and
AGC REF signals is integrated by integrator 40. In this way

i ntegrator decision |ogic 46 and 112\nt egrat or 40 cooperate to

provide the V[err]. The operation of the AGG apparatus of Figure 3 may
be described in greater detail with referenc Tc t he

102 106
N\ N\ 11’0\
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timng diagrams of Figures 6A-6C. In particular, Figures 6A and 6B

respecti velWod98p9236 the tine variation in the power of an ex®CPUSISOSET 5
signal and the corresponding state (open or closed) of switch 44 within
saturating integrator 22. Figure 6C shows the correspondi ng val ue of the
gain control voltage (V[krr]) generated by 6/1Qntegrator 40 in response to
the RF i nput signal of K gure 6A. As i s indicated by Figures 6A
and 6C, over. a filLst .integration interval 10 (t[err] <
power of the RF i sipgnal ig confined to the AGC con
AGC | oop, and ac ngly AGC/MOWN < V[err] < AGC H GH

range of the
igure 6C). At

time t-tferr], i tof - deA i Oon"T0Gi T 46 Teterm nes - Thas
reached AGCLOW nsequehtly opens switch 44. Switth 44 remai ns open
over the tingginterval tlerf] <it < t[err], during wWijf i tegrator 15
40 is prev fromintegrfating the difference betwegn RSSI

AGC_REF. N this ting<the input of A/D conve
constrai ne imter S5f. At tiye t=t[err] thefR hag
again becore”| ess thap the upper bound of the |oop control range, \whifch
results i n swiddMM4 peing cl §sed by ant egrtor deci sion | ogic 46 \ang
V[ err] exceedi ng MENAGCLNV_.Sui t4h_44 _tAe ehins. cl.osed oyver a_SCCORIf
integration i SIGNABI [t[er S i 0%
V[err] reaches AGEVHIGH, Wiy CrT e vm T 247 02 opened— by
i ntegrator decision Iogl 64 I%I Lme they nput f AAD
converters 86 and 88 varl es |11 e ponse to hanges nput si g'%al
level. In a sinilar manngr switch 44 is cl BEHG -
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25|ntegrator decision logic 46 at tines t[err], t[err] and t[err] in order
to initiate™MOM8275  fourth and fifth integration interval s PCI/US95/05257
Referring now to Figure 7, there is sholi0a preferred embodi ment of the AGC
| oop of the invention in which is included a digital realization of
saturating I nt egr at pr Tt he enbodi ment [of Figurp 7 digital highpass
filter 150, rather tha 3.0% notchflljr I's enployed to
renove the D.C. offset]i Eﬁt = - Sres ) _lgn Q sanpl es produced
by A/ D converters 86fand he r,egu u)f the digital

hi ghpass filter 150@s| s Q:Eed to be substan |aUm Shan t he
frequency offset introdu :I:vmt In mxer 60. | @n a ate i npl enentati on
renoval of the D.C. iy be achi eved py: (i) separately
determ ni ng averages of the b#seband | ) anpl es, and
(ii) subtracting the resujtany] D.C. conponent frqpleach I and Q

FIG.7

<t—AGC_REF

DIGITAL
SUBTRACTOR

LPF
~ 78

Q-CHANNELL
/ 158

6
~N
I-CHANNEL
LPF |

64\\
OSCILLATOR 7
%60
f162
SCALING |-
ULTIPLIER
ta

-a—AGC_LOW
-+—AGC_HIGH

56 \
IF
LPF

194 166
/

SATURATING
ACCUMULATOR

18
5
iVAGC
LOWPASS
FILTER .\\
| D/A |
\190

v r .
\ \-—4—‘ é N
el 213
a=aN
O - A
=
/17 > =@ \m
A v

—_»"N



Ejgital RSSI detector 154 will typically include a | ook-up table

containin of log power indexed as a function of the pegaRG of
t.he basebgﬁ%ﬂkﬂsﬁg Q sanples. Digital RSSI detector 154 apprOX|nB%es og
power, i.e., 10 LOG (l[err] + Qerr]), by determning the value of 5
LOG MAX{ ABS(1),ABS(Q ) and the value of a co {1 tion term The

operation MAX{ ABS(1), ABS(Q } produces an outp al ue equivalent to the
magni tude of the | argest conponent of a given I/Q sanple pair. In a
particular inplenmentation this output value serves as an index into a | ook-
up table of |og power. The output derived fromthe | ook-up table is then 10
added to a correction term approxi mately equivalent to the difference,
between LOG (I[err] + Qerr]) and LOG MAX{ ABS(1), ABS(Q}). The
recei ved power estimate, i.e., the RSSI signal, produced by digital RSSI
detector 154 is supplied to digital subtractor 158 along with the AGCREF
signal. The resulting error signal is then scaled in accordance with a
desired 15 loop tinme constant t[err] by digital scaling nultiplier 162. The
| oop tine constant td is_chosen | c dance wigé t he expected fading
characteristics of Mmm@m%ﬁ&ﬁﬁ%l 'veI@y short |oop tine
constants (faster |oop rgsponse 7@ Il generally be selected to enable
tracki ng of signals exhibitN§ng /’g%rupt fadi ng characteristics while

slowing the | oop response ro aTeve]l that 20 does not cause excessive
overshoot or ri ng—ees gideDlnaRdela s introduced in the loop by filters
and ot her el enents.
+ 182
MIN e ~— AGC_HIGH
184 ‘ SECOND
) REGISTER
MAX - _ — AGC_LOW
+ 174 178/
FIRST
REGISTER
TODAC |

FIG. 8



ina preferred enbodi nent scaling nultiplier 162 nmay be programed to
nul tiply tRpoessarssignal fromdigital subtractor 158 by a fPCHUSIs®HSES7

time constant in response to decaying RSSI signals, and to nultiply by a 25
second | oop tine constant when the val9/d0of the RSSI signal is increasing.
This allows for further flexibility in tailoring th D<f eSponse on

t he basis of the ‘T‘a&ng characteristics of the o nvi r onnent
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16 i gnal we ofysg@vé ded to a first input of a digital adder 170. The scal ed
error signal is added within digital adder 170 to the aggr cPCI/oSesrosssy
signal produced in the previous tine step by saturating accunul at or 166,
where the aggregate error signal is stored in register 174. The val ues of
AGCHI GH and AGCLOW provided by a systemcontroller (not 5 shown) are stored

within second register 178. M ninun1anbaﬂﬂxinun1signal clippers 182 and

184, coupled to second register 178, constrain the value of the digital

si gnal provided to first register 174 to within the range defined by AGC
H GH and AGCLOW The digital inplenentation of highpass filter 1 50,

RSSI detector 154 and saturating integrator 22 depicted in Figures 7 and
8 offers several advantages relative to 10 correspondi ng anal og
realizations. For exanple, the digital conponents utilized therein are
not susceptible to tenperature drift, and allow the integration tine
constant to be adj usted in accordance with expected signal fading
conditions so as to expedite | oop signal acquisition. In addition, a
filter and integrator inplenmented in digital form occupy significantly

| ess volune than a correspondi ng arrangenent of discrete resistive and 15
capaci tive conponents. It is also anticipated that the utilgzafjon
of a digital RSSI detector and a digital saturating integrator ﬁi o)

|
(I

result in inproved accuracy. |n parti furar, gorrmg—the—pet+oc—i 5"’8
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when the value of V[err] is required to be mad pd ned, N eit
AGC_LOW  capacitive discharge and the [ii ke g&oétﬁt é@“w t hﬁh@@ﬂmﬁgﬂ
conportents,wi I | generally 20 result in th e “Nal-ueof V[ €rr] ' droopi ng" from

the desired | evel over a period of tine. —The diigital inplenmentation of
the saturating integrator shown in Figurgs 7 and 8 does not exhibit the
signal "droop" characteristic of anal og i nplenentations. Referring

agai n to Fi filteeds lusaddtoBrethbee amwanteds DyGaloffsets: edf ant M) FSIC, &f IGMSK

;ﬁg: ?)tgerconve#zlﬂl Ci% I?}%E%% Bg ﬁfnugﬂi)refe?gzg%lgb&{ch gﬁ%?\tge?g tgkfs%ﬁ of
DAC 190 wi | $uppresaion avidhnot only removecumwaoted ?.Gnedtmponeotstlept aisce of

| ess than 1c ﬁcalﬁhﬁ%&ild Xﬁ%?(x{tu&e RifotmatldH Bt the E%QQ:%@&P&MT% BUirse
wiag te

density nDd ate ul'se sequence o | evel's’ Ts

produced OnFMes pheaesystams sgrgﬁﬁant mlgugﬁaand(%@hlage dRfSIrEatian i n
u.S. Pat ange“ T )§l3?h§3§arrifei'tfr@&u?ﬂé%oaﬁangb{'ﬁbrMHeawman d&virsel

(Parallel to Conparlng I'n a sequential Bt Order and assv i gned
to the Assigffectednf such jnfosmation s ides n. The average val ue of the

'CI)'ﬁt put IOU| se Seqmégﬁ&%%@qzvé Q\Oatrf&v%dssdf rf]re kitg iﬁ%ﬂ%ee}f@iﬁé‘%gd
e 2100 Syt S5, e B R0 vlREed o ol AR B e
10 lowest frequency expected in the demodulated spectrum, typically
F1=300 Hz for FM cellular) which can be suppressed without adversely
affecting the demodulated signal. Although minimal voice information is
carried at intermodulation products at frequencies close to the carrier
frequency, such products are uncommon and of relatively short duration.
15 Accordingly, the suppression of only the low-frequency intermodulation
products after baseband downconversion does not usually result in the loss
of appreciable voice information. Similarly, in FSK and GMSK systems,
very little signal power is present below F; = (symbol rate) /100, so again the
frequency band between F. and F.+ Fimay be suppressed without
20 degradation of the digital data.
| It is therefore a further object of the present invention to provide a
quadrature receiver in which high-gain/highly selective active baseband
filters may be employed without causing the loss of carrier frequency
information.

'SUMMARY OF THE INVENTION

The present invention is a novel automatic gain control method and
apparatus for controlling signal power of a received RF signal over a wide
30 dynamic range. In a preferred implementation the automatic gain control
apparatus may be adjusted to provide a desired control response to various |
fading characteristics of the received RF signal. In applications where the
signal of interest is a suppressed carrier digital format such as BPSK or QPSK
(for CDMA Digital Cellular) or a constant envelope continuous-phase
35 format such as GMSK, FSK, or FM (used in AMPS cellular phase system),
the apparatus of the present invention is capable of providing the necessary
gain control, out-of-band signal rejection, and downconversion to baseband,
with no D.C. offset.
In accordance with the present invention an automatic gain control
40 (AGC) apparatus for a dual mode receiver is disclosed. The AGC apparatus



_ _ _ bR LLLEMENT St
17 Lowpass filter 194 is designed tolattenyaje any spurjoug.Qut put
produced by’ DAC 190. Referri‘nggggagij;,_é_pSER éggé tﬁgﬁéC%MEﬁﬁCSMEET
an al t:ernate preferred enbodi ment o Lthe AGE Lodp of |
to advantageously 5 suppress undesired D.C. offset signal conponents
wi t hout sinultaneously destroying carzier frequency signal information.

The AGC | oop of Figure 9 bears substantjal ;simlarity tQ the AGC | Qop of
Figure 7, aeeeiNen&DMAer FM commapieatinihsignals gﬁoén@sgé%ﬁwl’itﬁrepomon ot P

represent aFtE%h@he'ﬂok@_eroh?ﬂﬁhg ® SeRhs 12 and\eran@irfiskion tbhebircdtgtionnd of
the Invention, i receivers, for digital 10 dul at.i on such ,as or _BPSK,
it is common forlf%e rppgmcylgpagsneare Root: ke sgf?ﬂnat Eir“R’e.’%gi%tﬁ?n t he
][ F process !dt@éﬁh@hvbﬂe} ttl’ﬁsc?&&!re(them sighaldrate converted doea lewer drequency
requency.i s_downconver €., _mppe t.0 . '

subsequen? HR8E l‘.?éﬁd“ﬁr?f@&#* gs &ggrieaﬁtgxaéi %gt&?%%@te ﬁ‘%ﬁhgr&f mgg@&

f eedt hr gugbﬁl‘hnas[ﬁeslighny\lsﬁfm dowaicomvieetetts 16 carde providesi goaautosnati¢ @aint i on
cent ered abgut FECLI . Cafg i kC Sy f ‘es lL,ag.

ctch as. FMCSHPIG TR AREIREE, PR eChgRah are dhplifielat s ppll 16RICTC0,
of the i nvedeterminachbyanCAGC sigraidy act) whichis alsespravided to gmplifierel®ct ed

fS‘rJgg] Eh‘é;ohﬂﬁgﬂ?ﬁ&j ‘i?disC@e{n(S%ﬁ%a ‘?g nggﬁnéar coRBDE AN gair e hight set

X predétermed T P C. ) .
ynamic range, such as in excess of 80 dB, on the basis of Vacc. Amplifier 18

may be of a design described in, for example, U.S. Patent No. 5,099,204,
entitled "LINEAR GAIN CONTROL AMPLIFIER", and assigned to the
Assignee of the present invention.

In the above-referenced U.S. Patent No. 5,099,204, a compensation

15 circuit is employed to achieve a desired dynamic range of linear control. In
parficular implementations such control may be provided by the
amplification circuit in the absence of assistance from a compensation
circuit: Included among such implementations are those, for example, in
which several amplification stages are arranged in cascade. Similarly, the

20 availability of a high-voltage power supply may eliminate the need for a

" compensation circuit.

The gain controlled IF signals are output from amplifier 18 to a
second frequency downconverter, downconverter 20, where the IF signals
are converted to a lower frequency range and are provided as corresponding

25 in-phase and quadrature-phase baseband signals Igg and Qgg. In the
embodiment shown in Figure 1, the baseband signals in the CDMA mode of
operation are I and Q samples of encoded digital data which are output for
further phase demodulation and correlation. In a dual mode receiver,
downconverter 20 also frequency downconverts FM signals so as to provide

30 baseband FM in-phase and quadrature-phase signals, which are further
phase/frequency demodulated into an audio output signal.

Detector 25 measures the strength of the signals output by
downconverter 20 and generates a corresponding received signal strength
indication (RSSI) signal. The RSSI signal, along with an AGC reference

35 signal (AGC_REF) supplied by a controller (not shown), are provided to a
saturating integrator - 22. The AGC_REF signal corresponds to a
desired signal strength level for the baseband signals. The controller also
provides AGC limit low (AGC_LOW) and AGC limit high (AGC_HIGH)
reference signals to saturating integrator 22. The AGC_HIGH and




20 feedt hrough suppression | oop 200 (Fi gure enabres can
undesired D.C. feedt hrough whi l e si nul t L]sjlg Vi N %PWT §HEET
information at the received carrier freq_uen(;y 1r1 “pr erred

i npl enentation the L.O frequency is chosen to be of f set by a small anount
(e.g., 100 Hz) fromthe carrier frequency nomi naIIy resultlng in 25

dounconver si on_ of ey "8°SL UG, RKEH IR, 18 gl UnlRl L2 ipipinhe |

and Q channel si gna

ener
of f set frequeneived b%m@e openaéiopo Nt sxgnatsematyfmadutbﬁ mayimaEsed
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I ncl udi ng cgrsﬁég(r%fl Orlﬁgnﬁ%ﬁﬂ&?&fﬂ%ﬁC coné tagreg S%LHTE ef§8 whi | e
30 undesi reambogm\feaédtmtt@néﬁ lm&mthex@pus(pq%erstmm%éw 8ata MEthyR thei s
process resy hﬁnh rafge b “WHBDVttﬁfra&Eﬁw&’ ALCDMAS bgéragiony BRAREH sar om

(075, " ehllows; Shimsoneeas Spb1of Bipauionasis BRck AT PG MOS8 2
017,05 afs et Brbe GBS othe sty f 4 rpices SN e ng
wi t hout des ?h"t}%g cﬁi“ﬁ’fnﬁtﬁ’f Peed tor Royide sepapate ye&%@?f@&% éﬁﬁéeﬁ"o trol”
frequency. loops for PM dred OBM@anmﬂ dogpératione 9, the D.C. feedthrough
SuRb el 0o e AATGRECES O R LR BA2S,
channel LPFtrathsfendcﬁa'atctemskgts,A/respechvely, associated with an exemplary
implementation of limiter 54. Referring to Figures 4A and 4B, limiter 54
does not attenuate signals having voltage magnitudes less than a predefined
maximum voltage Vm. The saturated power may be quantified as Psar =
15 Vm?/2R,, where Ry denotes the input load impedance of amplifier 18. For
" input power in excess of Psar, the output signal power produced by
limiter 54 is made to remain constant at approximately Pgar by clipping the
peak signal voltage to the voltage Vm. The value of Psar will be selected
based on the maximum expected CDMA input power level. Accordingly,
20 for example, high-power sinusoidal IF input signals (Pin> Psa7), the output
waveform produced by limiter 54 is truncated to a fixed amplitude but
the . fundamental frequency and phase information is not lost. The
limiter induced harmonic distortion is removed by lowpass filter 56.
Low-pass filter 56, included within the downconverter 20, is designed
25 to have a cut-off frequency larger than the frequency of the IF signal output
by amplifier 18 in either CDMA mode or FM mode. As noted above, low-
pass filter 56 is designed to attenuate harmonics of the IF signal output by
amplifier 18 prior to downconversion to baseband in-phase (I) and
quadrature phase (Q) components. High-power waveforms clipped by
30 limiter 54 create unwanted harmonics. IF lowpass filter 56 removes the
unwanted harmonics so that they are not converted to baseband along with
the desired IF signal information. In an exemplary embodiment the type,
order, and passband edge of filter 56 are selected to attenuate the baseband
distortion products arising from the IF harmonics inherent in the amplified
35 IF signal produced by amplifier 18.

The filtered IF signal is provided to a first input of a mixer 60, while
the other input of mixer 60 receives a locally generated reference signal from
oscillator 64. Mixer 60 mixes the filtered IF signal with the reference signal
to produce the I and Q baseband (quadrature) components on output lines 70




enbodi ment of Figure 9 the integrators 204 and 2 spectively

di sposed to integrate the digital outputs |pPa® D--converters 846 and 88. The
results of each i ntegration are conver'tédto anal og Si gnal s by I and Q
channel digital to analog converters (D4jf) 208 and 210, which are seen
to be respectively interposed between the digital integrators 204 and 206

and 5  ana#nsig73 uéspectivelyr Ehemixerfijis designetiie mge a freguansy Mch ineffset fpmthe IF

i nt egr at or Scelid f%%r%@@y@ﬁfe&‘ﬁn&@hﬁ&tne@g from 346 Bob PR} tol thé 88deBbRT B.C204 and
206 are unresponsive to sig encies.a

The resul t affequeney- Sughad}: ?a?ffsﬁh R@ng’h%ng’s 56%%&8’86"%3)’"1 ﬁ?"é’@?gfz’% f’g QQWE aﬁd 206
are nom nal digtinguish ®etiddentan nhhaedmmdeswmau: €., aepnthwusus waveollMdaigniah fronean

si gnal raés hgrlé(\{tagy gése? Fr‘ror ﬁ?e%ﬂ‘ncgl ngb %vﬂHDEf%Efb be o@er@ﬁ\% tz%""‘ﬁ'@g “A‘{"‘Qp“'t

converte | S ensur e
provi ded t ofrdduensy & ammmnatdvéoeﬁzamwsmseéma‘ h'éh’(:‘éwaﬂ'%' Qtdh% nu,d P&'EI IF

circuit 154g ciu%né\f'qr'l & M‘? wBtnt blee oﬁ%ro}s%!ﬁdm to corraft REBI lpYweEMmBasuRneAYs

Fanct | onst ereemmedity 3 BE- PREB gl SP Wihadh axpBaDRg, Gl PRLIEEIR oven duri ng
el i m nati on ofgretbRtiHRyHgado Figure Iolipuf IMGSIVO aRLIBDare respectively connected to baseband
10 1 and Q channel lowpass filters {LPFs} 76 and 78. | and Q channel LPFs 76 and 78 will
preferably each be implemented so as to provide lowpass transfer functions exhibiting cutoff
frequencies of 13 kHz and 630 kHz, respectively, during FM and CDMA mode operation. In an
exemplary embodiment | and Q channel LPFs 76 and 78 each include a pair of filters, one of
which is employed during CDMA mode operation and the other during FM mode operation. The
15 individual filters included within | and Q channel LPFs 76 and 78 are switched into the
baseband | and Q signal paths, respectively, in accordance with the selected mode of operation.

REPLACEMENT SHEET converters 86 i;nBtBBACH&e;%Ec%‘é\égl ﬁ IREPLAGEMENT SHEET

In the preferred embodiment the system controller includes means for switching the filters
included within the filter networks in accordance with the operative mode selected.
In addition to performing an anti-aliasing function for A/D converters 86 and 88, __l_gr_lg_o_
20 channel LPFs 76 and 78 also provide out-of-band signal rejection. In the preferred
embodiment, filters 76 and 78 have high gain, and high stop-band rejection. As a result, IF
bandpass filter 51 and 53 can have less stop-band rejection, and therefore can be less
expensive.
After filtering by | and Q channel LPFs 76, 78 and by D.C. notch filter 66, the resulting
25 baseband | and Q signals are provided to RSSI detector 48. RSSI detector 48 provides an
output RSS! signal indicative of measured signal power (in dB). The difference between the
RSSI signal output by RSSI detector 48 and AGC_REF is integrated within saturating integrator

22 so as to produce the control voltage Vqc.
Again referring to Figure 3, the | and Q outputs of the | and Q channel LPFs 76 and 78 are

30 aiso provided to | and Q analog to digital {A/D) converters 86 and 88, respectively. A/D
converters 86 and 88 operate to quantize the baseband | and Q signals for digital demodulation
in the selected operative mode, i.e., either COMA or FM. In the preferred




Turning now to Figure 10, there is shown an anat og lnprerrentﬁg ME S@E@T
feedthrough 1 5 suppression |oop 230 (V\/m ch can be l§$§ost| ute I'n
pl ace .of feedthrough suppression | oop 2(1)0) o) vl }ge,.jﬂo el i m nat e
undesi red D. C feedt hr ough whil e si nmul té}@OUSI y preserving the | evel of

si gnal vyg i ed to digital RSSI detector 154. The L. QO frequency
of the oscﬁ‘ﬂ"‘é f“‘ B gatg) 108and delay elemend|lddianeratecy prevent switchiddi er

frgggtegcx1 | froffBBRRWG; bH $ae&a§x&ham21; tﬁﬁﬁ%&i‘?@rﬁﬂ %ﬁttx&\é%ugs&n biys %}osure
r r r
Ironamner subgﬁé?lf’f‘ﬁwog A}ﬁpagatg ](9%{ Fap ‘P%éeéeg\p &b‘gg %uﬁﬁe?%tf'é‘g e to
t hg feed:jhr ft&if(lijfh flep dllOthOa’Jl Q, lleteélla@hﬂsi prodedihgtal 0gic level ?@fat the
undesire e s1 mul.t aneo erV|n i gna
i nf or mat i 8 %ged% andC%Rex} 88 ?W’géhéﬁgﬁﬁgﬁéﬂ 1 é‘glli/ opgped,
gppr opri at eﬂhp R%bmgnabandeA@ﬂ REFasignat age aicolong2s forved BB &he ldep to be 4

ownconvert e i ue asse
Lo B e oSt alebl ol eGSR Wi Mﬁégséﬁﬂ.i%%@%ﬁlgé%ﬂ@%e
f eedt hr ougmptmad rmeeRSSbsngnaﬂ hadmamqoameﬂlemylgmbtthantmcm and thed
214. C&C%F Er’a?%'? ﬁ)ﬂ’BE@&ﬁEQQ i@g 1%391Ap Wh&?%?t@slt 0

e base

ensure that t D converters 86

and 88, dAcsigeALexceedssth ngfl%%lt&f MﬁC-RE »rtchecmtpet of cpmparatosilfRal
power act uadrhusmeﬁglmgﬂ arfl' ¢hé DubPGOLS 'KNW?Q% 08 aeae@a'ﬁsl@oﬁs hfi$ ngh%
ee rough

Suppr ese! oreesbig 466 Grepiat BE - ARbdl i 8 leseb 1 anccibeing itch
reception odlefrenitilt2andVAND Balke 106 funeion siiitady #6 delay 114 and AND gate
108, and prevent closure of switch 44 until it has been open for a predefined
15 time period.

An analogous sequence of logical operations is executed when the
level of the RF input signal exceeds the AGC range. When V¢ falls below
the level of AGC_LOW, the output of comparator 118 becomes a logic
level 1. The output of comparator 118 is logically AND'ed with the output

20 of flip-flop 124, which is at a logic level 1 when switch 44 is closed. The
output of AND gate 122 then transitions from low to high, thus resetting the
output of flip-flop 124 to a logic level 0. This causes a logic level 0 to appear
at the output of AND gate 130, which results in the opening of switch 44.
When switch 44 is opened, the RSSI signal is no longer forced by the loop to

25 be equal to AGC_REF. Upon the loop being opened in this manner the
RSSI signal will be larger than AGC_REF and the output of logical
comparator 116 will be at logical level 0. When the RSSI signal becomes
smaller than AGC_REF, the outputs of comparator 116 and AND gate 120
transition high. The transition sets the output of flip-flop 124 to logic level 1

30 and closes switch 4. Delay elements 126 and 128 and AND gates 120 and 122
function similarly to delay 114 and AND gate 108, and serve to prevent rapid
toggling of switch 44 between open and closed positions.

The logical output of AND gate 130 can be considered an integration
enable signal and is impressed upon a switch control line 124 connected to

35 switch 44. In the preferred embodiment switch 44 is closed in response to
the impression of a logical 1 upon control line 124, and is opened when a
logical 0 is impressed thereupon. Integrator decision logic 46 thus controls
when the difference between the RSSI and AGC_REF signals is integrated by

| integrator 40. In this way integrator decision logic 46 and
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this difgpqul Ly dg ﬁ%ji:%%&eq‘ p%eof@vlh?)h@gsxgﬂaﬁs 2orid&fto the AGC control
range of the AGC loop, and accordingly AGC_LOW < Ve < AGC_HIGH
(Figure 6C). At time t=t;, integrator decision logic 46 determines that V,g¢
has reached AGC_LOW, and consequently opens switch 44. Switch 44
remains open over the time interval t; <t < t;, during which time integrator
15 40 is prevented from integrating the difference between RSSI and
AGC_REF. During this time the input of A/D converters 86 and 88 is
constrained by limiter 54. At time t=t, the RF input signal power has again
become less than the upper bound of the loop control range, which results
in switch 44 beiﬁg closed by integrator decision logic 46 and V¢ exceeding
20 AGC_LOW. Switch 44 then remains closed over a second integration
interval (t; < t < t;) until the control voltage V,gc reaches AGC_HIGH, at
which time switch 44 is again opened by integrator decision logic 46. During
this time the input of A/D converters 86 and 88 varies in response to
changes in RF input signal level. In a similar manner switch 44 is closed by
25 integrator decision logic 46 at times ty, t; and t3 in order to initiate third,

fourth and fifth integration intervals.
Referring now to Figure 7, there is shown a preferred embodiment of the AGC

loop of the invention in which is included a digital realization of saturating

integrator 22. In the embodiment of Figure 7 digital highpass filter 150, rather than
30 analog D.C. notch filter 66, is employed to remove the D.C. offset inherent in the

baseband T and Q samples produced by A/D converters 86 and 88. The cutoff

frequency of the digital highpass filter 150 is selected to be substantially less fhan

the frequency offset introduced within mixer 60. In an alternate implementation removal

of the D.C. offset may be achieved by:

35 (i) separately determining averages of the baseband I and Q signal

samples and
(ii) subtracting the resultant D.C. component from each I and Q
component prior to further processing.
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The received power estimate, i.e., the RSSI signal, produced by digital RSSI
detector 154 is supplied to digital subtractor 158 along with ‘the AGC_REF
signal. The resulting error signal is then scaled in accordance with a desired

15 loop time constant ty by digital scaling multiplier 162. The loop time
constant t4 is chosen in accordance with the expected fading characteristics of
the RF input signal. Relatively short loop time constants (faster loop
response} will generally be selected to enable tracking of signals exhibiting
abrupt fading characteristics while slowing the loop response to a level that

20 does not cause excessive overshoot or ringing given the delays introduced
in the loop by filters and other elements.

In a preferred embodiment scaling mulhpher 162 may be
programmed to multiply the error signal from digitil  subtractor 158 by a first loop
time constant in response to decaying RSSI signals, and to multiply by a

25 second loop time constant when the value of the RSSI signal is increasing.
This allows for further flexibility in tailoring the AGC loop response on the
basis of the fading characteristics of the operational environment and
minimizes loop overshoot. ' ‘

Referring again to Figure 7, scaled error signal generated by scaling

30 multiplier 162 is provided to saturating accumulator 166. Saturating
accumulator 166 operates to accumulate values of the scaled error signal
into an aggregate error signal until the aggregate error signal reaches either
AGC_HIGH or AGC_LOW. The value of the aggregate error signal is then
held at either AGC_HIGH or AGC_LOW until a scaled error signal is

35 received which, after combination with the existing aggregate error signal,
results in an aggregate error signal within the range defined by AGC_HIGH
and AGC_LOW.

Figure 8 depicts an exemplary discrete time implementation of
saturating accumulator 166. As is indicated by Figure 8, the scaled error
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accorded the vﬂ't@hg@gnt@!ampbnmﬁ@ﬂmqjﬂghpass filter 160, RSSI detector 154 and saturating

integrator 22 depicted in Figures 7 and 8 offers several advantages relative to

10 corresponding analog realizations. For example, the digital components utilized therein
are not susceptible to temperature drift, and allow the integration time constant to be
adjusted in accordance with expected signal fading conditions so as to expedite loop
signal acquisition. In addition, a filter and integrator implemented in digital form occupy
significantly less volume than a corresponding arrangement of discrete resistive and

15 capacitive components.

It is also anticipated that the utilization of a digital RSS! detector and a digital
saturating integrator will result in improved accuracy. In particular, during the period
when the value of V. is required to be maintained at either AGC_HIGH or AGC_LOW,
capacitive discharge and the like associated with analog components will generally

20 result in the value of V¢ "drooping” from the desired level over a period of time. The
digital implementation of the saturating integrator shown in Figures 7 and 8 does
not exhibit the signal "droop" characteristic of analog implementations.

Referring again to Figures 7 and 8, the control signal stored within the first register
174 of saturating accumulator 166 is provided to digital to analog converter (DAC)

25 190. in a preferred embodiment the resolution of DAC 190 will be sufficient to
provide an output analog AGC step size of less than 1 dB. Alternatively, a pulse width
modulated (PWM) or pulse density modulated (PDM) output pulse sequence of 0,1 logic
levels is produced in response to the control signal. PDM signaling is explained in U.S.
Patent No.5,337,338, titled Pulse Density Modulation Circuit (Parallel to Serial)

30 Comparing in a Nonsequential Bit Order and assigned to the Assignee of the present

invention. The average value of the output pulse sequence corresponds to the desired
analog output voltage.

The analog output provided by DAC 190 is passed through lowpass filter 194 prior
to being applied to the gain control port of IF amplifier 18.
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destroying carrier frequency signal information. The AGC loop of Figure 9
bears substantial similarity to the AGC loop of Figure 7, and hence like
reference numerals are used in the representation of like circuit elements.
As noted in the Background of the Invention, in receivers for digital

10 modulation such as QPSK or BPSK, it is common for the frequency of the
local oscillator (L.O.) within the IF processing chain to be selected such that
the received carrier frequency is downconverted (i.e.,, mapped) to D.C.
Again, however, subsequent baseband processing designed to suppress
undesired D.C. feedthrough passed by mixer 60 also tends to destroy signal

15 information centered about the received carrier which occurs for
modulation schemes such as FM, and continuous-phase FSK.

In accordance with one aspect of the invention, the L.O. frequency of
the oscillator 64 is selected such that the received carrier is mapped to a -
baseband frequency offset from D.C. by a predetermined margin. A D.C.

20 feedthrough suppression loop 200 (Figure 9) enables cancellation of
undesired D.C. feedthrough while simultaneously preserving signal
information at the received carrier frequency. In a preferred
implementation the L.O. frequency is chosen to be offset by a small amount
(e.g., 100 Hz) from the carrier frequency nominally resulting in

25 downconversion of the received spectrum to baseband. It follows that the I
and Q channel signal energy output by the mixer 60 at the predetermined
offset frequency (e.g., 100 Hz) corresponds to the information impressed
upon the received carrier frequency. The downconverted spectrum,
including carrier information, is passed to A/D converters 86 and 88 while

30 undesired D.C. feedthrough from mixer 60 is suppressed. Although this
process results in the attenuation of energy at the frequency spaced from the
received carrier by the predetermined offset, in many applications (e.g.,
voice communication) the suppressed low frequency energy carries
minimal usable signal information. Accordingly, the D.C. suppression loop

35 200 advantageously allows cancellation of extraneous D.C. feedthrough
without destruction of information present at the received carrier frequency.

As is indicated by Figure 9, the D.C. feedthrough suppression loop 200
includes I and Q channel digital integrators 204 and 206 having input ports
operatively coupled to the outputs of I and Q channel LPFs 76 and 78 through A/D
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76 and 78, and A/D converters 86 and 88. In this way it is ensured that the power level provided to

10 A/D converters 86 and 88, and hence also to the RSSI circuit 154, is indicative of the power level
actually received by saturating integrator 22. Hence, the D.C. feedthrough suppression loop 200

functions to maintain the integrity of the received power level even during elimination of undesired
D.C. feedthrough.
. Turning now to Figure 10, there is shown an analog implementation of a D.C. feedthrough
15 suppression loop 230 (which can be substituted in Fig.9 in place of feedthrough suppression loop 200)
operative to eliminate undesired D.C. feedthrough while simultaneously preserving the level of si gnal
power supplied to digital RSSI detector 154. The L.O. frequency of the oscillator 64 (Fig.9) is again
selected such that the carrier frequency is mapped to a baseband frequency offset from D.C. by a
predetermined margin. The D.C. feedthrough suppression loop 230, in a manner substantially similar
20 to that described above with reference to the feedthrough suppression loop 200, enables cancellation
of undesired D.C. feedthrough while simultaneously preserving signal information at the received
carrier frequency. Specifically, by appropriately selecting the gains at integrators 234 and 238, the
downconverted carrier information mapped to the offset frequency is passed to A/D converters 86 and
88. As discussed above, undesired D.C. feedthrough from mixer 60 is then suppressed by subtractors
25 212 and 214.
The D.C. feedthrough suppression loop 230 also operates to ensure that the baseband signal
power provided to A/D converters 86 and 88, and hence to RSSI detector 154, is indicative of the '

signal power actually received, and is uncorrupted by extraneous D.C. signals.
In an exemplary embodiment it may be desired to modify the D.C. feedthrough suppression
30 technique described above in order to accommodate the reception of received FM signals

corresponding to



an analog to digital converter coupled to said output port

| ow- pass filter; and a digital to analog convertef dh NOS Eo skt
between said integrator 6 output port and said second i npj SMENT shrzy |
subt ract or. 4. The autopatic gain contrg %parfbugrqf /03 f
claim1l wherein said saturating integrator nmeans 2 i ncl udds w1 eaks-+6F.

sel ectivel y anubitone’sanalog, sigpals. gMere paglicularlyy intceatain apRlcate

magni t ude of reraivbdIFM Sigial Ofnay beatepresbrtativedf & Thuli-toi€ddfdvidorm
t hreshol d, and second nedns A4 fOr sel ectiyvely,enablin thal.d rror _signal to
be i nt egr at etPBRASENA j2cSet0f Ftationaryy "§aiflf‘eé1§frﬁq98‘?ﬁyr'gi SIgnay oM ¥s a
second pr edeivhiegel ehtti stdtibhry component corresponds to the magnitude or pitch of

5 a particular analog tone. This may require that the low-frequency
intermodulation products created by interaction of the multiple FM signal
components be preserved. Accordingly, if a static frequency offset is
introduced by oscillator 64, it is possible that particular
intermodulation products will be mapped by mixer 60 to baseband D.C. (i.e.,

10 to the same baseband frequency at which may be present D.C. feedthrough).
In this case it may prove difficult to distinguish between undesired D.C.
feedthrough and useful signal information mapped by mixer 60 to baseband
D.C. Since the D.C. feedthrough suppression loops 200 and 230 will
generally be designed to cancel substantially all D.C. signal energy produced

15 by mixer 60, it is conceivable that useful intermodulation information could
be eliminated along with the undesired D.C. feedthrough.

Referring again to Figure 9, in accordance with another aspect of the
invention this difficulty is addressed by providing an L.O. offset
modulator 260 operative to introduce time varying variation into the D.C.

20 offset applied to the nominal L.O. frequency. The term "nominal” L.O.
frequency refers to that frequency at which the received center carrier
frequency is mapped to baseband D.C. by mixer 60. Because in this case the
L.O. offset frequency supplied to mixer 60 is not static, but instead varies
over a predefined range, received stationary components will not be

25 continuously mapped to baseband D.C. but will instead be mapped to
baseband frequencies based on variation in the L.O. offset. Hence, useful

- low-frequency intermodulation products may be distinguished from
undesired D.C. feedtl{rough, because D.C. feedthrough remains at baseband
D.C. notwithstanding variation in the frequency offset applied to the L.O.

30 oscillator signal. Accordingly, the offset modulator 260 allows the D.C.
feedthrough suppression loop to eliminate undesired D.C. feedthrough
while simultaneously preserving certain stationary signal information.

The modulated frequency offset introduced to the nominal L.O.
frequency may be characterized in terms of a mean offset frequency, a

35 minimum and a maximum offset frequency, and an offset modulation
frequency (i.e., the rate at which the offset is varied between the minimum
and maximum offset frequencies). For example, in a particular embodiment
the mean frequency offset is selected to be 100 Hz, the minimum and
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baseband 2si gnalmixerdaing aditétinput parp e tréceiving.said output signal; and
a local oscillator connected to a second input port of said mixer wherein frequency of said
4 local oscillator is selected such that said center frequency of said output signal mapped to said
baseband frequency offset by said predetermined margin from D.C.

6. The automatic gain control apparatus of claim 5 wherein said downconverter includes an
2 offset modulator circuit for varying said frequency of said oscillator circuit so as to vary said
predetermined margin by which said center frequency of said output signal is mapped relative to
4 D.C.

7. The automatic gain control apparatus of claim 6 wherein said downconverter includes a
2 mixer coupled to said output port of said adjustable gain amplifier, said mixer being operative to
downconvert said output signal to I and Q baseband signal components of said baseband signal.

8. The automatic gain control apparatus of claim 7 wherein said D.C. feedthrough suppression
2 loop includes first and second low-pass filters for filtering said 1 and Q baseband signal

components, respectively.
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downconverting frequency of said output signal to a base band frequency so as to produce a
6 baseband signal wherein a carrier frequency of said output signal is mapped to a baseband
frequency offset by a predetermined margin from D.C.;
8 suppressing D.C. feedthrough signals accompanying said baseband signal so as to provide a

compensated baseband signal;
10  generating a received power signal based on power of said compensated baseband signal;

and
12 integrating selectively a difference between said received power signal and a reference

signal based on values of said gain control signal.
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(57) Abstract

An automatic gain control (AGC) and D.C. offset correction method and apparatus for controlling signal power of a received RF
signal within a dual mode quadrature receiver is disclosed herein. The AGC apparatus includes an adjustable gain amplifier (18). A
quadrature downconverter (20) coupled to the amplifier (18) serves to translate the frequency of the output signal to a baseband frequency
which is offset by a predetermined margin from D.C. Two high gain active lowpass filters (76 and 78) provide out-of-band signal rejection
for the baseband signals. A D.C. feedthrough suppression loop supresses D.C. offsets produced by a downconverter (20) and the lowpass
filters (76 and 78). The AGC apparatus also generates a received power signal based on the power of the output signal. A saturating
integrator compares the received power signal to a reference signal and produces the gain control signal by integrating or by refraining
from integration based on values of the reference, received power signal, and gain control signals.
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