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(57) Abstract: At least some of the arithmetic operations of a filter or other digital process can be performed time sequentially,
which may allow the arithmetic elements for the filter or other digital process to be used multiple times for multiple operations.
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TIME SEQUENTIAL PROCESSING OPERATIONS
Cross Reference to Related Applications

[0001] This application claims the benefit of priority from
Application entitled “Time Sequential Processing Operations,” Applicatic
12/236,342 filed September 23, 2008 and U.S. Provisional Application e1
“Hybrid Channel Filter,” Application No. 60/974,914 filed September 25

disclosure of which is incorporated by reference.
Technical Field

[0002] This disclosure relates to signal processing and filtering in, for

example, decimation and channel filtering as used in communication system receivers.
Background

[0003] In many integrated receiver systems, filtering of incoming
signals is provided in the analog domain. After filtering, the signal can then be
converted to the digital domain through use of an analog-to-digital converter (ADC)
such as a large dynamic range, sigma-delta Analog-to-digital converter (SD-ADC).
Thereafter, digital circuits can provide decimation filtering and channel filtering to
obtain desired signals. Examples of techniques for digital filtering are Infinite
Impulse Response (IIR) filters and Finite Impulse Response (FIR) Filters. In IIR
filters, the output response to an impulse signal at the input is generally not bounded

in time, while in an FIR filter the output response is generally bounded in time.
Summary

[0004] In general, some implementations feature a method of
performing digital filtering that includes filter arithmetic operations. The method
includes generating a system clock, in which the system clock has a rate of at least
twice an input data rate. The method includes providing the system clock to a control

circuit that controls at least one multiplier, at least one adder, and at least one storage
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element such that at least some of the filter arithmetic operations are performed time
sequentially by the at least one multiplier, the at least one adder, and the at least one

storage element before receiving a next input sample.

[0005] These and other implementations can optionally include one or

more of the following features. The digital filtering can be represented by the

function: y[n] = ic[i] *x{n—1i] +§: d[j1* y[n— j] Inthe digital filtering

=0 =
representation, x{n] can represent an array of sampled input signals; y[»] can represent
an array of filter output signals; ¢ can represent an array of input filter coefficients, d
can represent an array of output filter coefficients; n can represent an input sampling
number; and  and M can represent positive integers. At least some of the filter
arithmetic operations that are performed time sequentially by the at lest one multiplier,
the at lest one adder, and the at lest one storage element before receiving a next input
sample can include at least the following operations performed time sequentially: (1)
multiplying at least one delayed input sample by a first input filter coefficient to
generate a first multiplication result, adding the first multiplication result to a first
previously accumulated sum to generate a current accumulated sum; and storing the
current accumulated sum; (2) multiplying the current input sample by a second input
filter coefficient to generate a second multiplication result; adding the second
multiplication result to the current accumulated sum to generate an accumulated input
sum, and storing the accumulated input sum; (3) multiplying at least one delayed
output sample by an output filter coefficient to generate a third multiplication result,
adding the third multiplication result to a second previously accumulated sum to
generate a current accumulated output sum, and storing the current accumulated
output sum; and (4) summing the accumulated input sum and the accumulated output
sum to generate an output. The digital filtering can include an IIR filter. The digital
filtering can include a FIR filter. The digital filtering can include feed-forward and
feedback loops. An integer part of a ratio of the system clock to the input data rate

can be equal to or larger than a total number of the filter arithmetic operations that are
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performed time sequentially. The system clock can be an analog-to-digital conversion
sampling clock. A maximum number of the filter arithmetic operations that are
performed time sequentially can be limited to the integer part of the ratio of the
system clock to the input data rate. The values of the input and output filter
coefficients can be fixed or variable. The input and output filter coefficients can be
stored in a table or calculated dynamically. A filter coefficient selector can select the
input and output filter coefficients. The filter coefficient selector can include a
counter, logic circuit, an arithmetic unit (ALU), or a programmable controller. The
control circuit can be configured to control two or more multipliers, two or more
adders, two or more multiplexers, and at least one accumulator. The input and output
filter coefficients can be time-sequentially coupled to an input of the at least one
muitiplier. The current input sample, the delayed input sample and the delayed output
sample can be time-sequentially coupled to an input of the at least one multiplier. The
digital filtering can be represented by:
st = e* (3 13 cli)* i 7D+ /I3 lil*an i), T the digial

= i= = P
filtering representation, x[#] can represent an array of sampled input signals; y[x] can
represent an array of filter output signals; e can represent a constant; ¢, d and g can
represent arrays of filter coefficients, » can represent an input sampling number; and {
and j can represent positive integers. The control circuit can be configured to control
the at least one multiplier, the at least one adder, and the at least one storage element
such that at least one of the multiplier, the adder, or the storage element is reused for

the filter arithmetic operations that are performed time sequentially.

[0006] In general, some implementations feature a circuit
implementing a digital filter. The circuit implementing the digital filter includes: a
system clock generator configured to generate a system clock having a rate at least
twice an input data rate; at least one multiplier; at least one adder; at least one storage
element; and a control circuit. The control circuit is configured to control the at lest

one multiplier, the at lest one adder, and the at lest one storage element. The system
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clock is coupled to the control circuit such that at least some of the filter arithmetic
operations are performed time sequentially by the at least one multiplier, the at least

one adder, and the at least one storage element before receiving a next input sample.

[0007] These and other implementations can optionally include one or

more of the following features. The digital filter can be represented by the

function: y{»]= ZL:c[i] *x[n—i] +i d[j1* y[n — j], in which x[#] can represent an

i=0 j=1
array of sampled input signals; y[n] can represent an array of filter output signals; ¢
can represent an array of input filter coefficients, d can represent an array of output
filter coefficients; n can represent an input sampling number; and L and M are positive
integers. The system clock can be coupled to the control circuit such that at least the
following operations can be performed time sequentially by the multiplier, the adder,
and the storage element before receiving a next input sample: (1) multiplying at least
one delayed input sample by a first input filter coefficient to generate a first
multiplication result, adding the first multiplication result to a first previously
accumulated sum to generate a current accumulated sum; and storing the current
accumulated sum; (2) multiplying the current input sample by a second input filter
coefficient to generate a second multiplication result; adding the second multiplication
result to the current accumulated sum to generate an accumulated input sum, and
storing the accumulated input sum; (3) multiplying at least one delayed output sample
by an output filter coefficient to generate a third multiplication result, adding the third
multiplication result to a second previously accumulated sum to generate a current
accumulated output sum, and storing the current accumulated output sum; and (4)
summing the accumulated input sum and the accumulated output sum to generate an
output. The filter can include an IIR filter. The filter can include a FIR filter. The
digital filter can include feed-forward and feedback loops. The circuit can include two
or more multipliers, two or more adders, three or more multiplexers and at least one
accumulator. An integer part of a ratio of the system clock to the input data rate can

be equal to or larger than a total number of the filter arithmetic operations that are
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performed time sequentially. The system clock can be an analog-to-digital conversion
sampling clock. A maximum number of the filter arithmetic operations that are
performed time sequentially can be limited to the integer part of the ratio of the
system clock to the input data rate. Values of the input and output filter coefficients
can be fixed or variable. The input and output filter coefficients can be stored in a
table or calculated dynamically. The circuit can include a filter coefficient selector to
select the input and output filter coefficients. The filter coefficient selector can
include a counter, a logic circuit, an ALU or a programmable controller. The input
and output filter coefficients can be time-sequentially coupled to an input of the at
least one multiplier. The current input sample, the delayed input sample and the
delayed output sample can be time-sequentially coupled to an input of the at least one
multiplier. The filter can be represented by:
=13 AU I3 clil* st i 1+ 3 131 ). Tnthe fitr

= i= J= i=
representation, x[»] can represent an array of sampled input signals; y[»] can represent
an array of filter output signals; e can represent a constant; ¢, d and g can represent
arrays of filter coefficients, # can represent an input sampling number; and i and j can
represent positive integers. The control circuit can be configured to control the
multiplier, the adder, and the storage element such that at least one of the multiplier,
the adder, or the storage element can be reused for the filter arithmetic operations that

are performed time sequentially

[0008] In general, some implementations feature a decimation and
channel filtering system. The decimation and channel filtering system includes a
decimator configured to receive an input signal at a system clock rate and output a
decimated signal on a decimator output, in which the decimator is configured to
output the decimated signal at a filter input data rate that is at least twice slower than
the system clock rate. The system includes a first programmable gain amplifier
coupled to the decimator output, and a first filter coupled to an cutput of the first

programmable gain amplifier. The first filter is configured to perform at least some
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filter arithmetic operations time sequentially based on the system clock rate. The
system includes a second programmable gain amplifier coupled to an output of the
first filter, a numeric mixer coupled to an output of the second programmable gain
amplifier, a numeric local oscillator coupled to the numeric mixer, and a second filter
coupled to an output of the numeric mixer. The second filter is configured to perform
at least some filter arithmetic operations time sequentially based on the system clock
rate. The system includes a third programmable gain amplifier coupled to an output

of the second filter.

[0009] These and other implementations can optionally include one or
more of the following features. The numeric local oscillator can be configured to
perform at least some oscillator arithmetic operations time sequentially based on the
system clock rate. The system can include a filter coefficient selector configured to
select a filter coefficient of an array of filter coefficients for the filter arithmetic
operations of the first or second filter. The first or second filter can include an TR
filter. The first or the second filter can include forward and/or feedback loops. The
first or second filter can include calculation components, storage elements, delay
elements, and/or multiplexers. The array of filter coefficients can include decimation
filter coefficients, the filter input coefficients, delayed filter input coefficients, and
delayed filter output coefficients. A maximum number of filter arithmetic operations
performed time sequentially by the first and the second filter can be limited to an
integer part of a ratio of the system clock to the filter input data rate. The decimation
filter, the mixer, the first filter, and the second filter can be configured to reuse

components.

[0010] In general, some implementations feature a receiver. The
receiver includes a radio frequency (RF) input signal received by an antenna coupled
to an RF filter, an low noise amplifier (LNA) coupled to an output of the RF filter, a
first set of I/Q mixers configured to perform image rejection and mix an output of the
LNA with a first set of quadrature 1/Q output signals tuned by a first frequency divider
from an output of a first local oscillator, and a sct of I/Q intermediate frequency (IF)
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filters coupled to a first set of mixed I/Q outputs of the first set of /Q mixers. The
receiver includes a second set of I/Q mixers configured to mix filtered I/Q outputs of
the I/Q intermediate filer (IF) filters with a second set of I/Q outputs generated and
tuned by a second frequency divider from an output of a second local oscillator, an
analog-to-digital converter coupled to a second set of mixed I/Q outputs and
configured to produce a digital signal sampled at a system clock, and a digital-signal-
processing unit including a decimator. The digital-signal-processing unit including
the decimator is configured to receive the digital signal and generate a decimated
output at a data rate slower than the system clock, a first filter, a mixer, a third local
oscillator, and a second filter, in which at least one of the decimator, the first filter, the
mixer, the third local oscillator, or the second filter is configured to perform at least
some arithmetic operations time sequentially based on the system clock rate. The
receiver includes a baseband processing circuit configured to receive an output from

the digital-signal-processing unit.

[0011] These and other implementations can optionally include one or
more of the following features. The receiver can include a filter coefficient selector to
select filter coefficients. The filter coefficient selector can include a counter, a logic
circuit, an ALU or a programmable controller. Each of the decimator, the first filter,
the mixer, the third local oscillator, or the second filter can be configured to perform
at least some arithmetic operations time sequentially based on the system clock rate.
A maximum total number of arithmetic operations can be performed sequentially by
the decimator, the first filter, the mixer, the third local oscillator, and the second filter,
either individually or in combination, can be limited to an integer part of a ratio of the

system clock to a data rate that is slower than the system clock.

[0012] Details of one or more implementations are set forth in the
accompanying drawings and description herein. Other features, aspects, and

advantages will be apparent from the description, the drawings, and the claims.

Description of the Drawings
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[0013] Fig. 1 is a block diagram of an example of a filtering process
for decimation and channel filtering.

[0014] Figs. 2A-2B are schematics of examples of infinite impulse

response filter architectures.

[0015] Figs. 3A-3B are examples of pseudo-code for an infinite

impulse response filter.

[0016] Figs. 4A-4C are examples of circuit schematics for infinite

impulse response filters.

[0017] Fig. 5 is a schematic of an example of a low-intermediate-

frequency (low IF) receiver.

[0018] Fig. 6 is a schematic of an example of a direct-conversion
receiver.
Detailed Description
[0019] A filtering or other digital process can be implemented using

flip-flops, registers, or other storage elements to store incoming data and intermediate
results and a control circuit to schedule calculations. In various implementations,
segments of the filter can be customized to allow for the necessary field-
programmability through use of programmable arithmetic elements between filter
functions. Alternatively, or additionally, coefficients can be selected from different
hardwired sets using control signals. Thus, in some implementations, a filter or other
digital process can employ selectable sets of hard-wired coefficients, re-use of
arithmetic and/or storage elements, and a control circuit (e.g., a state machine) for
scheduling calculations. In various implementations, the level of configurability and
reuse of arithmetic and storage elements can be customized for each stage of the filter
or other digital processing to achieve minimum required area. In some
implementations, the filter or other digital process can process data at a sample rate

that is less than the available clocking rate of the system. Because the system can
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have a higher available clocking rate, the arithmetic elements can be used multiple
times for multiple operations in the system, while the filter or other digital process can

still be operated in the system at a lower sample rate.

[0020] Fig. 1 is a block diagram of a filtering process 100 for
decimation and channel filtering. The filtering process 100 includes a first decimation
filter 110, a first programmable gain amplifier (PGA) 120, a first IIR filter 130, a
second PGA 140, a numeric mixer 170 using a numeric local oscillator signal 160, a
second IIR filter 180, and a third PGA 190, The decimation filter 110 and IR filters
130 and 180 are configured by coefficients 150, which can be controlled by a

coefficient selector 155.

[{0021] In various implementations, the first decimation filter 110 can
provide for a first reduction in sample rate together with filtering to avoid signal
aliasing. Also, the number of bits per sample can be increased from the value of Nj, at
the input to a higher number. The first PGA 120 can implement a first programmable
gain stage. The first [IR filter 130 can provide first channel filtering to remove
unwanted interfering signals. Due to this filtering, the dynamic range of the signal can
be reduced, and this can enable greater gain to be provided by the second PGA 140.

[0022] The described filtering process 100 can be used in a low
intermediate frequency (low IF) receiver. In various implementations, a second down
conversion stage can be implemented in the digital circuit using the numeric mixer
170. After the mixer 170, a second IR filter 180 can provide for further channel
filtering and equalization of the signal. With further reduction of dynamic range,
more programmable gain can be added in the third PGA 190.

[0023] In Fig. 1, the sampling frequency of the input, fuampie,in can be
higher than the sampling frequency of an intermediate signal, e.g., fmpte,1. As such, a
clock frequency large enough to sample at a rate of fmpic,in can have extra clock
cycles when compared to filter input rate fumpie,1. These excess clock cycles can allow

parallel operations to be broken down into time sequential operations, which may
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allow for the reuse of circuit storage and calculation components in conjunction with
selectable coefficients without increasing the requirements of the circuit clock speed.
As a simplified example, if fampiein = 3 Hz and fampie,) = 1 Hz, a component for
fample, | TEquiring 2 multiplications could use a single multiplier instead of two
multipliers. In particular, the first clock cycle can cause the multiplier to perform the
first multiplication with a given coefficient, the second clock cycle can cycle selection
of coefficients for the multiplier to a second coefficient, and the third clock cycle can

cause the multiplier to perform the second multiplication with the second coefficient.

[0024] The filtering process 100 illustrates several components that
can use the time sequential operations. In particular, various components of the
filtering process 100 can use one or more sets of storage elements, delay elements, and
one or more sets of coefficients 150 for calculations. More particularly, in various
implementations, the first and second IIR filters 130 and 180, the decimation filter 110
and the numeric mixer 170 can reuse storage elements to store incoming data,
intermediate results, and state machines to schedule calculations using the coefficients
150. As such, the filtering process 100 may not require hardwired sets of coefficients

for each calculation in the filter.

[0025] The coefficient selector 155 can be used to select particular
coefficients or sets of coefficients for a given calculation. The coefficient selector 155
can be a logic-based switching circuit for simple control/switching of coefficients or
sets of coefficients. For example, in one implementation, a counting circuit is used to
count through multiple coefficients in a sequence. In implementations requiring more
complicated or dynamic control, the coefficient selector 155 can incorporate an ALU

or other types of processing devices rather than hard-wired logic circuitry.

[0026] Also, the coefficient selector 155 can be dedicated to a specific
component (e.g., within the second IIR filter 180) or can select particular coefficients
for use with each of multiple components (e.g., within both the first and second IIR
filters 130 and 180). As shown, the filtering process 100 includes a single coefficient

selector 155, though, various implementations can include a coefficient selector 155

10
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dedicated to each of one or more components using the coefficients 150.

[0027] Figs. 2A-2B are schematics of IR filter architectures 200A-
200B. In various implementations, the IIR filter architectures 200A-200B can be used
to implement the IIR filters 130 and/or 180. The following describes implementations
of architectures 200A and 200B in which calculation components, storage elements as
well as other components such as delay elements and multiplexers are selectively
reused, which may allow for reduced chip area, power and cost but provide needed
programmability. The techniques can also be applied to FIR filters, which are a special
case of the IIR filter. Some implementations are shown and described with respect to
Figs. 4A-4C.

[0028] The output of an IR filter can be a function of an input and
L M
previous inputs and outputs: y{n]= Zc[i] *x[n—i] +Z d[j1* yln— j] where y[n] is
i=0 J=1
the output, x[#] is the input, y[r-j] and x[»-i] are previous outputs and inputs,
respectively, and n is an input sample number. c[i] and d[/] are filter coefficients and
L and M are integers. For an FIR, the output can be a function of the previous inputs
with no feedback from the previous outputs. The above equation describes an FIR

filter if all the coefficients 4[] are zero.

[0029] In general, the calculations to implement the above filter
equation can be translated into pseudo code with time sequential operations that are
performed by the appropriate components in response to a clock rate that is higher
than the data rate of the filter input signal. For instance, in one implementation, the
system clock is provided to one or more multipliers, one or more adders, and one or
more storage elements so that each multiplication and addition in the input sample
portion of the above equation is performed time sequentially, each multiplication and
addition in the output sample portion of the above equation is performed time

sequentially, and then the total of both portions are added to produce the output.

[0030] In other implementations, a filter algorithm based on the above

1"
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described filter equation with feed-forward and feedback loops is translated into
pseudo-codes with both parallel operations and serial (time sequential) operations.
Calculation components, storage elements, delay elements, and other components can
then be designed according to the pseudo-code operations to optimize the time

sequential operations for component reuse and area, power and cost reduction.

[oo31] Examples of filter architectures are used in the following
description for ease of understanding of the time sequential operation techniques. In
particular, Figs. 2A and 2B show flow charts of examples of digital filter architectures
with feed-forward and feedback loops for small values of the integers L and M. Figs.
3A-3B and 4A-4C are pseudo-codes and schematics using time sequential operations

to implement the filter architectures shown in Figs. 2A and 2B..

[0032] Fig. 2A depicts an IR 200A that uses dedicated coefficients
with multipliers, and Fig. 2B depicts an IIR 200B that uses selectable coefficients with
multipliers. Various implementations can include different components or configure
the components differently. In general, the filter architectures 200A and 200B include
feedforward and feedback loops, and the output y[n] is represented by nested
summation equations

2 3 2 3
Hn]=e* {;d[jlgdi]*x[n —i-jB +; g[f];di]* x[n—i- j] where x[r] is an
array of sampled input signals; y[#] is an array of filter output signals; e is a constant;
¢, dand g are arrays of filter coefficients, » is an input sampling number; and i and j

are positive integers.

[0033] Referring to Fig. 2A, a straightforward implementation of the
IR filter architecture 200A includes 8 multipliers, 7 adders, and 5 register storage
elements so that calculations can be performed in parallel. Also, the IIR filter 200A
includes dedicated coefficients associated with the multipliers. The first feedback
loop 202 A on the left side of Fig. 2A can use feedback loops while the second
feedback loop 203 A on the right side of Fig. 2A can use both feedback and feed-

12
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forward loops. The values of the coefficients, the number of storage elements, and the
number of bits for each storage element and each coefficient can all be varied

according to the requirements of the IIR filter 200A.

[0034] In a straightforward implementation of the IIR filter
architecture 200A, the signal s0_z3 in feedback loop 202A is multiplied with a
multiplier 205A using coefficient ¢_d3 and the resulting signal is stored at a storage
element sO_z3. The signal sO_z2 is multiplied with a multiplier 210A using
coefficient ¢_d2. The resulting signals of the multipliers 205A and 210A are added
using an adder 215A. The signal sO_z1 is multiplied with a multiplier 220A using
coefficient ¢_dl. The resulting signals of the adder 215A and the multiplier 220A are
added using an adder 225A. The input signal 206A is multiplied with a multiplier
201A using coefficient ¢ nl. The resulting signals of the multiplier 201 A and the
adder 225A are added using an adder 230A. The signal sO_z2 is shifted with the shift
register 235A into the signal s0_z3. The signal sO_z1 is shifted with a shift register
240A into the signal sO_z2. The resulting signal sO of the adder 230A is stored in a
shift register 245A.

[0035] Further, in the second feedback loop 203A, the signal s1_z2 is
multiplied with a multiplier 250A using coefficient c_d2. The signal s1_z2 is shifted
into a unit multiplier (multiplying by 1) 255A. The resulting signal of the unit
multiplier 255A is stored at a storage element s1_z2. The signal s1_z1 is multiplied
with a multiplier 260A using coefficient ¢_d1. The resulting signals of multipliers
250A and 260A are added with an adder 265A. The signal s1_z1 is muitiplied with a
multiplier 270A using coefficient ¢_n2. The resulting signal of the multiplier 270A is
added to an output of the unit multiplier 255A using an adder 275A. The resulting
signals of the adder 230A and the adder 265A are added using an adder 280A. The
signal s1_z1 is shifted using a shift register 285A into the signal s1_z2. The resulting
signal of the adder 280A is stored in a shift register 290A. The resulting signal of the
shift register 280A is multiplied with a muitiplier 295A using coefficient ¢_nl. The
resulting signals of the multiplier 295A and the adder 275A are added using an adder

13
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296A to form the output signal s2 207A. The above description is an example, and
other different filter coefficients can be used in the second feedback/feed-forward loop
203A. However, the more redundant coefficients there are, the less hardware are

required.

[0036] Referring to Fig. 2B, the TIR filter architecture 200B is an
example of another IIR filter architecture that has selectable coefficients. In various
implementations, the IR filter 200B architecture can be used to implement the IR
filter 130 and/or 180.

[0037] A straightforward implementation of the [IR filter
architecture200B uses 8 multipliers, 7 adders, and 5 register storage elements so that
calculations can be performed in parallel. Also, the IIR filter 200B includes a
coefficient selector 299B. The coefficient selector 299B can use multiple outputs
such that some or all of the multipliers are coupled to a unique output of the
coefficient selector 299B. The values of the coefficients, the number of storage
elements, and the number of bits for each storage element and the coefficient selector

299B can all be varied according to the requirements of the IIR filter 200B.

[0038] The coefficient selector 299B includes a separate output
c_outl- c_out7 that is coupled to each of the multipliers of the IIR filter 200B, by
varying the coefficient outputs on c_outl- ¢_out7, the coefficient for each of the
multipliers are varied as well. In various implementations, the coefficient selector
299B is configured using, for example, logic circuitry, to output (as ¢_out) the
coefficients ¢_dl, ¢_d2,c¢_d3, ¢_nl, and c_n2 shown in Fig 2A to the respective
components the coefficients are dedicated to in the IIR filter 200A of Fig. 2A.

[0039] In a straightforward implementation of the IIR filter
architecture 200B, the signal s0_z3 in feedback loop 202B is multiplied with a
multiplier 205B using a coefficient ¢_out and the resulting signal is stored at a storage
element sO_z3. The signal sO_z2 is multiplied with a multiplier 210A using the
coefficient ¢_out. The resulting signals of the multipliers 205B and 210B are added
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using an adder 215B. The signal s0_z1 is multiplied with a multiplier 220B using the
coefficient ¢_out. The resulting signals of the adder 215B and the multiplier 220B are
added using an adder 225B. The input signal 206B is multiplied with a multiplier
201B using coefficient ¢_out. The resulting signals of the multiplier 201B and the
adder 225B are added using an adder 230B. The signal s0_z2 is shifted with the shift
register 235B into the signal s0_z3. The signal sO_z1 is shifted with a shift register
240B into the signal sO_z2.

[0040] Further, in a second feedback loop 203B, the signal s1_z2 is
multiplied with a multiplier 250B using coefficient ¢_out. The signal s1_z2 is shifted
into a unit multiplier 255B. The resulting signal of the unit multiplier 255B is stored
at a storage clement s1_z2. The signal s1_z1 is multiplied with a multiplier 260B
using coefficient c_out. The resulting signals of multipliers 250B and 260B are added
with an adder 265B. The signal s1_z1 is multiplied with a multiplier 270B using
coefficient ¢_out. The resulting signals of the multiplier 270B and the unit multiplier
255B are added using an adder 275B. The resulting signals of the adder 230B and the
adder 265B are added using an adder 280B. The signal s1_z1 is shifted using a shift
register 285B into the signal s1_z2. The resulting signal of the adder 280B is stored in
a shift register 290B. The resulting signal of the shift register 280B is multiplied with
a multiplier 295B using coefficient ¢_out. The resulting signals of the multiplier
295B and the adder 275B are added using an adder 296B to form the output signal s2
207B.

[0041] The different frequency requirements of the filtering process
100 of Fig 1 illustrate how sequential operations can be used to reduce the number of
calculation components, such as, for example, reducing the several multipliers of the
IIR filter 200A of Fig. 2A to a single multiplier 410A. In particular, in reference to
the IR filter 180 of Fig. 1, the parallel operations conducted at fumpie,1 can be broken
down into sequential operations conducted at feampiein While maintaining the signal
data rate of fmpie,1. In one example implementation, the incoming signal sample rate

foample,in may be 100 Msamples/s, and accordingly, the system clock can be provided at
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100 MHz. After decimation filtering, the sample rate can be reduced to fompre,1 = 3
Msamples/s. The second IR filter 180, operating at a rate of 5 Msamples/s, can either
perform all arithmetic operations in parallel, using a clock of 5 MHz, or can perform
up to 20 operations sequentially using a clock of 100 MHz. In various
implementations that take advantage of the 100 MHz clock frequency required by the
fsample,in, the number of calculation components (e.g., multipliers) can be reduced by
reusing components over multiple clock cycles. Figs. 3A and 3B and Figs. 4A-4C

illustrate this reduction of circuit components.

[0042] Specifically, Figs. 3A and 3B illustrate examples of pseudo-
code 300A and 300B for implementing the IR filter architecturs 200A and 200B,
respectively. Figs. 4A and 4B are schematics 400A and 400B of IR filters
implemented based on the pseudo-codes 300A and 300B. The pseudo-codes 300A
and 300B and schematics 400A and 400B represent example implementations of the
IIR filter architecturs 200A and 200B in which parallel filter operations occurring at a
lower clock frequency are broken into time sequential operations at a higher clock

frequency.

[0043] Each pseudo code includes multiple steps (e.g., pseudo code
200A includes 9 steps for one channel) with one or more operations performed at each
step. The steps in the pseudo-codes described by 300A-300B are performed time
sequentially at a higher clock rate fo than the input signal data rate of fyampic,). The
operations in each step can be performed in parallel or serial, depending on the ratio

of fo to fsample,ln

[0044] An example of a clock of frequency foi can be a system clock
of rate foample,in. The serial steps (and operations when performed serially) of the
pseudo-codes 3A-3B can be performed time sequentially with reusable components to
reduce the hardware required. Each step in the pseudo-codes of 3A-3B includes
operations to be completed before the next input signal at the data rate of fample1
arrives. The larger a ratio Roy of £ t0 fample,1, the more extra cycles of fy, can be

used for time sequential operations, which may allow operations within each step to
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be performed serially. In general, Ry is greater than or equal to two. The maximumn
number of time sequential operations, including operations within each step, depends
on the integer value of the ratio Ry and may be limited based on this ratio. In some
applications, R.y is large enough to have extra cycles of fyy still left after the

component reduction is optimized with serial operations.

[0045] The operations within each step of the pseudo-codes 300A-
300B can be parallel operations and therefore processed concurrently at the clock rate
of fx. However, parallel operations can require duplicated hardware components for

the operations if they are the same type of operation, e.g. multiplication.

[0046] Referring to Fig. 4A, the schematic 400A illustrates an
implementation of sequential operations allowing for the reduction of required
calculation components coupled with dedicated, but selectable coefficients 465A. The
schematic 400A can be used to implement, for example, the circuit components of the
IIR filter architecture 200A of Fig. 2A or other filters.

[0047] In the schematic 400A, a multiplier 410A, an adder 4204, six
storage registers 431-436A, a counter 440A, and signal multiplexers 451A-460A are
included. As compared to parallel implementations of the IR filters architectures
200A and 200B of Figs. 2A and 2B, only one adder and one multiplier are included.
For example, the single multiplier 410A can be reused so as to implement some or all
of the multipliers included in a parallel implementation of the TIR filter architecture
200A. Also, the existing storage registers 431A-436A can be reused for storing
intermediate results throughout the computations rather than providing a general
read/write memory to store data and results. This reuse of storage elements can be
conducted by using the counter 440A to count, with the excess clock cycles, through a
sequence of calculations and storages for the components. For example, in various
implementations, the multiplier 410A can be used for steps 1-7 and 9 of the pseudo-
codes 300A and 300B of Fig. 3A and 3B.

[0048] The multiplexer 458A is coupled to dedicated coefficients
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465A to be used in calculations. As such, more complex circuiting such as a
coefficient-set multiplexer 470B (described below), or other logic circuitry such as an
ALU, is not required to select the proper set of coefficients to be the input to the
multiplexer 458A. Rather, the value on the counter 440A can cause the multiplexer to

pass through the input tied to the appropriate fixed coefficient.

[0049] In general, the counter 440A can provide timing of state
machine functionality and can schedule the calculations and operations. The counter
value can select the state of the signal multiplexers 451A-460A thereby selecting one
of their input signals. Also, as described above, the counter value can select the
appropriate one of the fixed coefficients 465A through multiplexer 458A. Therefore,
the signal that is connected to the multiplier 410A, the adder 420A, and to the storage
registers 431A-460A can change depending on the value of the counter 440A. The
counter 440A can change its value with each cycle of the system clock which may

have a frequency of .

[0050] When fy is greater than fimpie,1, the number of required
calculation components (e.g., multiplier, adder, etc.) can be reduced by using the extra
clock cycles of fi to control the selection and reuse of the calculation components. In
the example of Fig. 1, the sample rate of the signal to be processed is fampie,1, and a
maximum number of integer(fuu/fampic,1) operations can be processed sequentially
before the next sample of the input signal is provided. Also, with reference to the IR
filter architecture 200A, the number of required storage registers can be reduced as a
result of using the storage registers 431A-436A to store one or more of delayed
versions of the input signal to the first feedback loop 202A (labeled s0_z1, sO_z2,
s0_z3), delayed versions of the input to the second feedback loop 203A (labeled
s1_z1, s1_z2), and/or intermediate results of the arithmetic processing (labeled adder).
This functionality of the storage registers can be controlled by the signal multiplexers
451A-460A together with the counter 440A.

[0051] In various implementations, the counter 440A can be replaced

with an ALU or another sophisticated processing device to dynamically control the
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hardware elements and coefficients. Moreover, with more dynamic control, the
required number of circuit components or complexity can be reduced by reuse of
mputs. For example, the number of inputs to the multiplexers 457A and 458A can be
reduced. Such a reduction can also enable further reduction of required components

with a given ratio of fmpic,in 10 famplc,1-

[0052] Referring to Fig. 4B, the schematic 400B illustrates an
implementation of time sequential operations allowing for the reduction of required
calculation components coupled with adjustable coefficients. The schematic 400B
can be used to implement the circuit components of the IIR filter architecture 200B or
other filters. In the schematic 400B, a multiplier 410B, an adder 420B, six storage
registers 431B-436B, a counter 440B, signal multiplexers 451B-460B, and the

coefficient-set multiplexer 470B are included.

[0053] In contrast to the dedicated, but selectable coefficients 465A
coupled to the multiplexer 458A of Fig. 4A, the multiplexer 458B is coupled to
outputs of the coefficient-set multiplexer 470B to provide for selectable sets of
coefficients. The coefficient-set multiplexer 470B has dynamic outputs, which can
reflect one of multiple sets of coefficients. Referring to the filtering process 100 of
Fig. 1, the coefficient-set multiplexer 470B can be used to implement the coefficients
150 and/or coefficient selector 155. As such, outputs of the coefficient-set
multiplexer 470B can be coupled to calculation components of multiple filters (e.g.,
the first IIR filter 130 and the second IIR filter 180). Thus, in various
implementations, multiple filters can utilize the coefficients through the coefficient-set

multiplexer 470B.

[0054] The coefficient-set multiplexer 470B can provide flexibility by
allowing the output, c_out, to be selected from two or more sets of coefficients. More
specifically, the optional inputs for coefficient set A and coefficient set B can enable
selection between different coefficient sets for different filter applications. In one
implementation, the coefficient-set multiplexer 470B can be configured to cycle
through a list of coefficients based on a counter signal provided by the counter 440B.
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In implementations requiring more dynamic control, such as adjustment of the
coefficients based on conditions apart from timing, the coefficient-set multiplexer

470B can be controlled through use of an ALU or other logic circuitry.

[0055] As with Fig. 4A, when f.y is greater than fmgle,1, the number of
required calculation components (e.g., multiplier, adder, etc.) can be reduced by using
the extra clock cycles of f to control the selection and reuse of the calculation
components. In the example of Fig. 1, the data rate of the signal to be processed is
fampte,1, and a maximum number of integer(fon/fampre, 1) Operations can be processed
sequentially before the next sample of the input signal is provided. In some
implementations, the coefficient-set multiplexer 470B can require signaling to toggle
the coefficient of one or more outputs, and, as such, the use of the coefficient-set
multiplexer 470B can increase the number operations required for processing, and in

turn, can increase the required ratio of fon/fsample,1-

[0056] The schematic 400C of Fig. 4C illustrates an implementation of
sequential operations allowing for a further reduction of required calculation
components by directly coupling a coefficient multiplexer 470C to a calculation
component. In particular, the schematic 400C replaces the multiplexer 458B by
coupling the output of the coefficient multiplexer 470C to the multiplier 410C. This
configuration enables a further trade off between a reduction of circuit components

and use of extra clock cycles.

[0057] The coefficient multiplexer 470C has dynamic outputs, which
can reflect one of multiple coefficients or sets of coefficients. Referring to the
filtering process 100 of Fig. 1, the coefficient multiplexer 470C can be used to
implement the coefficients 150 and/or coefficient selector 155. As such, outputs of
the coefficient-set multiplexer 470C can be coupled to calculation components of
multiple filters (e.g., the first IIR filter 130 and the second IIR filter 180). Thus, in
various implementations, multiple filters can utilize the coefficients of the coefficient

multiplexer 470C without requiring dedicated coefficients for each of the filters.
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[0058] Also, the coefficient multiplexer 470C can provide flexibility
by allowing the output, c_out, to be selected from two or more sets of coefficients.
More specifically, the optional inputs for coefficient set A and coefficient set B can
enable selection between different coefficient sets. In one implementation, the
coefficient multiplexer 470C can be configured to cycle through a list of coefficients
based on a counter signal provided by the counter 440C. In implementations requiring
more dynamic control, such as adjustment of the coefficients based on conditions
apart from timing, the coefficient multiplexer 470C can be controlled through use of
an ALU or other logic circuitry.

[0059] As with Figs. 4A and 4B, when fo is greater than fompe,1, the
number of required calculation components (e.g., multiplier, adder, etc.) can be
reduced by using the extra clock cycles of f to control the selection and reuse of the
calculation components. In the example of Fig. 1, the sample rate of the signal to be
processed is fumpre,1, and a maximum number of integer( fon/fsample,1- Rew) operations
can be processed sequentially before the next sample of the input signal is provided.
In some implementations, the coefficient multiplexer 470C can require signaling to
toggle the coefficient of one or more outputs, and, as such, the use of the coefficient-
set multiplexer 470B can increase the number of operations required for processing,
and in turn, can increase the required ratio of fon/fumpie1. In the implementation
shown for Fig. 4C, the coefficient multiplexer 470C outputs a single output to the
multiplier 410C and the multiplier 410C can be reused for multiple calculations.

[0060] Fig. 3B illustrates pseudo-code 300B for an IIR filter similar to
the example implementation 400C of Fig. 4C. In particular, the pseudo-code 300B is
configured to enable the switching of an output of a component (e.g., a coefficient
selector 155 or 299B or a coefficient multiplexer 470C for each calculation). As can
be seen by the pseudo-code 300B of Fig. 3B, this configuration requires a larger
number of steps than the configuration of the pseudo-code 300A of Fig. 3A.

[0061] The above implementations of using the time sequential

operation techniques to reduce circuit components for digital filtering processing are
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examples and the above described time sequential techniques are not limited to digital
filter applications but can be applied to any digital processing, for example, a numeric

mixer, a numeric LO, a digital synthesizer, or a decimation filter.

[0062] The disclosed techniques can be used with wireless
communication systems. For example, the disclosed techniques can be used with
receivers, transmitters, and transceivers, such as the receiver, transmitter, and/or
transceiver architectures for superheterodyne receivers, image-rejection (e.g., Hartley,
Weaver) receivers, zero-intermediate frequency (IF) receivers, low-IF receivers,
direct-up transceivers, two-step up transceivers, and other types of receivers and
transceivers for wireless and wireline technologies. Figs. 5 and 6 are schematics
demonstrating two examples of systems in which the IIR filtering techniques
described above can be used to enable use of adjustable coefficients and/or reuse of
calculation components. These techniques can also be used with signal processing

techniques other than IIR filtering, such as in FIR filtering or in a numeric mixer.

[0063] In particular, Fig. 5 is a schematic of a low IF receiver 500. An
RF signal arriving at an antenna 536 passes through an RF filter 537, a low noise
amplifier (LNA) 538, and into a first mixer 540, which translates the RF signal down
to an intermediate frequency by mixing it with the signal produced by a first LO 541.
The signal then passes through an IF filter into a second mixer 545 to mix with a
signal generated by a second LO 546. The output signal from the second mixer then
passes through an anti-alias filter 544 before being converted to a digital signal by an
ADC 543. The converted digital signal can then be processed by a dedicated digital
signal processing unit 550 or as a part of a baseband processor comprised of circuit
100 as described in Fig.1. In the digital domain, the signal is first passed through a
decimator to decimate the received digital signal sampled at the rate finpic,in to
generate a decimated signal of data rate of fumpie,1. The decimated signal of data rate of
fsample,1 then passes through a first digital filter 547 before entering a numeric mixer
548 to be mixed with a LO signal generated by a numeric LO 539. The signal then
passes through a second filter 549. The signal is then sent to the baseband for further
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processing. The above described time sequential operation techniques can be used in

the decimator filter, the mixer, the first and the second filters as well as the LO 539.

[0064] In another example, Fig. 6 is a schematic of a direct-conversion
receiver 600. An antenna 646 couples a RF signal through a first bandpass RF filter
647 into an LNA 648. The signal then proceeds through a second RF filter 649,
yielding a band-limited RF signal, which then enters a mixer 650 and mixes with an
LO frequency produced by an LO 51. The mixer output is coupled into an anti-
aliasing analog filter 651 before being converted to the digital domain by an ADC
652. In the digital domain, the signal can undergo further filtering 653 before

proceeding into the baseband circuits.

[0065] The time sequential operation techniques described above can
be applied to the digital signal processing functions in both the low IF and the direct
conversion receivers. For example, the techniques can be used to reduce the area or
increase the programmability of the decimator 5335, the first digital filter 544, the
numeric mixer 545, the LO 539 or the second digital filter 547 in the low IF receiver
500, or of the digital filter 653 in the direct-conversion receiver 600.

[0066] In some implementations, arithmetic elements such as registers,
multiplier, adders, or other elements such as switches, capacitors, resistors, and
inductors can be added, deleted, or exchanged from the disclosed figures with
minimal change in circuit functionality. Various topologies for circuit models can
also be used. The exemplary designs shown are not limited to any particular process
technology, and can use various process technologies, such as CMOS or BiCMOS
{Bipolar-CMOS) process technologies, or Silicon Germanium (SiGe) technology.

The implementations can be single-ended or fully-differential circuits.

[00671 The system can include other components. Some of the
components may include computers, processors, clocks, radios, signal generators,
counters, test and measurement equipment, function generators, oscilloscopes, phase-

locked loops, frequency synthesizers, phones, wireless communication devices, and
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components for the production and transmission of audio, video, and other data.

24



WO 2009/042683 PCT/US2008/077523

WHAT IS CLAIMED IS:

1. A method of performing digital filtering that includes filter arithmetic

operations, the method comprising:

generating a system clock, the system clock having a rate of at least

twice an input data rate; and

providing the system clock to a control circuit that controls at least one
multiplier, at least one adder, and at least one storage element such that at least some
of the filter arithmetic operations are performed time sequentially by the at least one
multiplier, the at least one adder, and the at least one storage element before receiving

a next input sample.
2. The method of claim 1 wherein the digital filtering is represented by
the function: y[n] = ZL:c[i] *x[n—i] +i d[j1* y[n— j] wherein x{n] is an array of
i=0 j=1
sampled input signals; y[»] is an array of filter output signals; ¢ is an array of input
filter coefficients, d is an array of output filter coefficients; » is an input sampling

number; and L and M are positive integers.

3. The method of claim 2 wherein at least some of the filter arithmetic
operations that are performed time sequentially by the at lest one multiplier, the at lest
one adder, and the at lest one storage element before receiving a next input sample

include at least the following operations performed time sequentially:

(1) multiplying at least one delayed input sample by a first input filter
coefficient to generate a first multiplication result, adding the first multiplication
result to a first previously accumulated sum to generate a current accumulated sum;

and storing the current accumulated sum;

(2) multiplying the current input sample by a second input filter

coefficient to generate a second multiplication result; adding the second multiplication
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result to the current accumulated sum to generate an accumulated input sum, and

storing the accumulated input sum;

(3) muitiplying at least one delayed output sample by an output filter
coefficient to generate a third multiplication result, adding the third multiplication
result to a second previously accumulated sum to generate a current accumulated

output sum, and storing the current accumulated output sum; and

(4) summing the accumulated input sum and the accumulated output

sum to generate an output.

4. The method of claim 1 wherein the digital filtering implements an IR
filter.

5. The method of claim 1 wherein the digital filtering implements a FIR
filter.

6. The method of claim 1 wherein the digital filtering includes feed-

forward and feedback loops.

7. The method of claim 1 wherein an integer part of a ratio of the system
clock to the input data rate is equal to or larger than a total number of the filter

arithmetic operations that are performed time sequentially.

8. The method of claim 1 wherein the system clock is an analog-to-digital

conversion sampling clock.

9. The method of claim 7 wherein a maximum nmumber of the filter
arithmetic operations that are performed time sequentially is limited to the integer part

of the ratio of the system clock to the input data rate.

10. The method of claim 3 wherein values of the input and output filter

coefficients are fixed or variable.

11.  The method of claim 3 wherein the input and output filter coefficients
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are stored in a table or calculated dynamically.

12. The method of claim 3 wherein a filter coefficient selector selects the

input and output filter coefficients.

13. The method of claim 12 wherein the filter coefficient selector is a

counter, logic circuit, an arithmetic unit (ALU) or a programmable controller.

14.  The method of claim 1 wherein the control circuit is configured to
control two or more multipliers, two or more adders, two or more multiplexers, and at

least one accumulator.

15.  The method of claim of claim 3 wherein the input and output filter

coefficients are time sequentially coupled to an input of the at least one multiplier.

16.  The method of claim 3 wherein the current input sample, the delayed
input sample and the delayed output sample are time sequentially coupled to an input

of the at least one multiplier.
17.  The method of claim 3 wherein the digital filtering is represented by:

2 3 2 3
ynl=e* Ty dil*dn—i~ j1}+) glj1) elil*x[n—i~ j], wherein x{n] is an
=0 i=0 = i=0
array of sampled input signals; y[»] is an array of filter output signals; e is a constant;
¢, d and g are arrays of filter coefficients, » is an input sampling number; and 7 and ;

are positive integers.

18.  The method of claim 1 wherein the control circuit is configured to
control the at least one multiplier, the at least one adder, and the at least one storage
element such that at least one of the multiplier, the adder, or the storage element is

reused for the filter arithmetic operations that are performed time sequentially.
19. A circuit implementing a digital filter, the circuit comprising:

a system clock generator configured to generate a system clock having
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a rate at least twice an input data rate;
at least one multiplier;
at least one adder;
at least one storage clement; and

a control circuit configured to control the at lest one multiplier, the at
lest one adder, and the at lest one storage element, wherein the system clock is
coupled to the control circuit such that at least some of the filter arithmetic operations
are performed time sequentially by the at least one multiplier, the at least one adder,

and the at least one storage element before receiving a next input sample.

20.  The circuit of claim 19 wherein the digital filter is represented by the
L M
function: y[n] = Zc[i]*x[n i) +Z d{j1* y[n - j], wherein x[#] is an array of
=0 =1
sampled input signals; y[#] is an array of filter output signals; ¢ is an array of input
filter coefficients, d is an array of output filter coefficients; » is an input sampling

number; and L and M are positive integers.

21.  The circuit of claim 20 wherein the system clock is coupled to the
control circuit such that at least the following operations are performed time
sequentially by the multiplier, the adder, and the storage clement before receiving a

next input sample:

(1) multiplying at least one delayed input sample by a first input filter
coefficient to generate a first multiplication result, adding the first multiplication
result to a first previously accumulated sum to generate a current accumulated sum;

and storing the current accumulated sum;

(2) multiplying the current input sample by a second input filter
coefficient to generate a second multiplication result; adding the second multiplication

result to the current accumulated sum to generate an accumulated input sum, and
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storing the accumulated input sum;

(3) multiplying at least one delayed output sample by an output filter
coefficient to generate a third multiplication result, adding the third multiplication
result to a second previously accumulated sum to generate a current accumulated

output sum, and storing the current accumulated output sum; and

(4) summing the accumnlated input sum and the accumulated output

sum to generate an output.
22. The circuit of claim 18 wherein the filter is an IR filter.
23. The circuit of claim 18 wherein the filter is a FIR filter.

24.  The circuit of claim 18 wherein the digital filter includes feed-forward
and feedback loops.

25.  The circuit of claim 18 further comprising two or more multipliers, two

or more adders, three or more multiplexers and at least one accumulator.

26.  The method of claim 18 wherein an integer part of a ratio of the system
clock to the input data rate is equal to or larger than a total number of the filter
arithmetic operations that are performed time sequentially.

27.  The circuit of claim 18 wherein the system clock is an analog-to-digital

conversion sampling clock.

28.  The circuit of claim 26 wherein a maximum number of the filter
arithmetic operations that are performed time sequentially is limited to the integer part
of the ratio of the system clock to the input data rate.

29.  The circuit of claim 20 wherein values of the input and output filter

coefficients are fixed or variable.

30.  The circuit of claim 20 wherein the input and output filter coefficients
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are stored in a table or calculated dynamically.

31.  The circuit of claim 20 further comprising a filter coefficient selector to

select the input and output filter coefficients.

32. The circuit of claim 31 wherein the filter coefficient selector is a

counter, a logic circuit, an ALU or a programmable controller.

33. The circuit of claim 20 wherein the input and output filter coefficients

are time sequentially coupled to an input of the at least one multiplier.

34.  The circuit of claim 20 wherein the current input sample, the delayed
input sample and the delayed output sample are time sequentially coupled to an input

of the at least one multiplier.
35.  The circuit of claim 19 wherein the filter is represented by:
y[n]=e* {22; d[j]zso:c[i] *Mn—-i—jl} +il g[j]io c[i]*x[n—~i— j], wherein x{n] is an
J= i= i= i=
array of sampled input signals; y[»] is an array of filter output signals; e is a constant;

¢, dand g are arrays of filter coefficients, n is an input sampling number; and { and j

are positive integers.

36.  The circuit of claim 18 wherein the control circuit is configured to
control the multiplier, the adder, and the storage element such that at least one of the
multiplier, the adder, or the storage element is reused for the filter arithmetic

operations that are performed time sequentially
37. A decimation and channel filtering system comprising:

a decimator configured to receive an input signal at a system clock rate
and output a decimated signal on a decimator output, wherein the decimator is
configured to output the decimated signal at a filter input data rate that is at least twice

slower than the system clock rate;
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a first programmable gain amplifier coupled to the decimator output;

a first filter coupled to an output of the first programmable gain
amplifier, wherein the first filter is configured to perform at least some filter

arithmetic operations time sequentially based on the system clock rate;

a second programmable gain amplifier coupled to an output of the first

filter;

a numeric mixer coupled to an output of the second programmable gain

amplifier;
a numeric local oscillator coupled to the numeric mixer;

a second filter coupled to an output of the numeric mixer, wherein the
second filter is configured to perform at least some filter arithmetic operations time

sequentially based on the system clock rate; and

a third programmable gain amplifier coupled to an output of the second
filter.

38.  The system of claim 37 wherein the numeric local oscillator is
configured to perform at least some oscillator arithmetic operations time sequentially

based on the system clock rate.

39.  The system of claim 37 further comprising a filter coefficient selector
configured to select a filter coefficient of an array of filter coefficients for the filter

arithmetic operations of the first or second filter.

40.  The system of claim 37 wherein the first or second filter comprises an
HR filter.

41.  The system of claim 37 wherein the first or the second filter includes
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forward and feedback loops.

42.  The system of claim 37 wherein the first or second filter includes

calculation components, storage elements, delay elements, and multiplexers.

43.  The system of claim 39 wherein the array of filter coefficients include
decimation filter coefficients, the filter input coefficients, delayed filter input

coefficients, and delayed filter output coefficients.

44.  The system of claim 39 wherein a maximum number of filter
arithmetic operations performed time sequentially by the first and the second filter is
limited to an integer part of a ratio of the system clock to the filter input data rate.

45, The system of claim 39 wherein the decimation filter, the mixer, the

first filter, and the second filter are configured to reuse components.

46. A receiver comprising:

aradio frequency (RF) input signal received by an antenna coupled to
an RF filter;

an low noise amplifier (LNA) coupled to an output of the RF filter;

a first set of /Q mixers configured to perform image rejection and mix
an output of the LNA with a first set of quadrature I/Q output signals tuned by a first

frequency divider from an output of a first local oscillator;

a set of I/Q intermediate frequency (IF) filters coupled to a first set of
mixed I/Q outputs of the first set of I/Q mixers;

a second set of I/Q mixers configured to mix filtered I/Q outputs of the
I/Q intermediate filer (IF) filters with a second set of I/Q outputs generated and tuned

by a second frequency divider from an output of a second local oscillator;
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an analog-to-digital converter coupled to a second set of mixed I/Q

outputs and configured to produce a digital signal sampled at a system clock;

a digital-signal-processing unit including a decimator configured to
receive the digital signal and generate a decimated output at a data rate slower than the
system clock, a first filter, a mixer, a third local oscillator, and a second filter, wherein
at least one of the decimator, the first filter, the mixer, the third local oscillator, or the
second filter is configured to perform at least some arithmetic operations time

sequentially based on the system clock rate; and

a baseband processing circuit configured to receive an output from the

digital-signal-processing unit.

47. The receiver of claim 46 further comprising a filter coefficient selector

to select filter coefficients.

438. The receiver of claim 46 wherein the filter coefficient selector is a

counter, a logic circuit, an ALU or a programmable controller.

49, The receiver of claim 46 wherein each of the decimator, the first filter,
the mixer, the third local oscillator, or the second filter are configured to perform at

least some arithmetic operations time sequentially based on the system clock rate.

50. The receiver of claim 46 wherein a maximum total number of
arithmetic operations performed sequentially by the decimator, the first filter, the
mixer, the third local oscillator, and the second filter, either individually or in
combination, is limited to an integer part of a ratio of the system clock to a data rate

that is slower than the system clock.
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1. multiply sO_z3 with mp_coeff d3
store result in sO_z3

2. multiply sO_z2 with mp_coeff d2
add result to sO_z3

3. multiply sO_z1 with mp_coeff _d1
add result to sO_z3

4. multiply input with mp_coeff_n1
add - (s0_z3) to result
shift s0_z2 into sO_z3
shift sO_z1 into s0_z2
store result of addition in s0_z1

5. multiply s1_z2 with ap_coeff_d2
shift s1_z2 into output register
store result of multiplication in s1_z2

6. multiply s1_z1 with ap_coeff_d1
add result fo s1_z2

7. multiply s1_z1 with ap_coeff n2
add result to output register

8. adds0 z1to-(s1_z2)
shift s1_z1 into s1_z2
store result of addition in s1_z1

9. multiply s1_z1 with mp_coeff n1
add result to output register

10. - 18. replicate steps 1 - 9 for Q channel

FIG. 3A
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switch ¢_out to mp_coeff d3

multiply sO_z3 with ¢_out
store result in s0_z3

switch c_out to mp_coeff _d2

multiply sO_z2 with ¢_out
add result to sO_z3

switch c_out to mp_coeff_d1
multiply sO_z1 with ¢_out
add result to sO_z3

switch ¢_out to mp_coeff n1
multiply input with ¢_out

add - (sO_z3) to result

shift sO_2z2 into s0_z3

shift sO_z1 into s0_2z2

store result of addition in sO_z1

9. switch c_outto ap_coeff d2

10. multiply s1_z2 with ¢_out
shift s1_z2 into output register
store result of multiplication in s1_z2

11. switch c_out to ap_coeff_d1

12. multiply s1_z1 with ¢_out
add result to s1_z2

13. switch ¢_out to ap_coeff n2

14. multiply s1_z1 with ¢_out
add result to output register

15, adds0 _z1to-(s1_z2)
shift s1_z1 into s1_z2
store result of addition in s1_z1

16. switch ¢_out to mp_coeff_n1

17. multiply s1_z1 with c_out
add result to output register

18. - 25. replicate steps 1 - 17 for Q channel
FIG. 3B
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