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Semi-Analog FIR Filter With High Impedance State

[001] This application claims priority to Nonprovisional Application No.

14/790,998, filed July 2, 2015, and to Provisional Application No. 62/020,930, filed

July 3, 2014, each of which is incorporated by reference herein in its entirety.

Field of the Invention

[002] The present invention relates generally to electronic filters, and more

particularly to finite impulse response (FIR) filters.

Background of the Invention

[003] A finite impulse response (FIR) filter is a type of electronic filter with a

broad range of applications. FIR filters are widely used in both digital signal

processing and digital video processing, and their construction is well known in

the art.

[004] One type of FIR filter known in the art is a transversal filter, or tapped

delay line filter, as shown by circuit 100 in Figure 1. The output of such a filter

100 is a weighted combination of voltages from impedance elements Rl to R5,

which weight samples of an input signal taken from uniformly spaced taps on a

delay line, and is thus a weighted sum of the current input value In and a finite

number of previous values of the input. Because the outputs of the impedance

elements are summed to get the overall output Out, the output is proportional to

the sum of the delayed voltages divided by the resistances connected to the

respective voltages. The proportionality of the output of the filter of Figure 1 is

thus a constant, the constant being the parallel impedance of all the resistances.



[005] The filter contains a plurality (here 5 are shown) of unit delay elements Ul

to U5, each of which introduces a delay of time t . Delay elements Ul to U5 are

all clocked by the same clock, so that the input signal propagates at a desired

sampling rate. The filter is considered to be of the Mth order, where M-l is the

number of delay elements, so the filter of Figure 1 is a 6th order filter.

[006] The output of each of the delay elements Ul to U5 is connected at a tap to

an element having an impedance value, typically through some buffering means,

such as buffers/drivers Zl to Z5; here, the elements having impedance values are

shown as resistors Rl to R5. One of skill in the art will recognize that while this

example and the following discussion use resistors to indicate the impedance

values for purposes of illustration, other types of circuit elements also have

impedance values, for example, capacitors, inductors, or depletion mode

MOSFETs, and any device having an impedance that does not otherwise

interfere with operation of the filter may be used to provide the desired

impedance values as described herein.

[007] The resistors all share a common output point shown as Out on Figure 1.

As an input signal progresses through the delay elements, each resistor causes

the signal on the respective delay element to which it is attached to contribute to

the output signal in inverse proportion to the resistor value. Thus, if the resistor

is small, the signal on the attached delay element will have a larger contribution

to the output voltage, while if the resistor is large the contribution to the output

will be smaller.

[008] By properly selecting the resistor values in a set of resistors, a FIR filter is

designed to provide an output with a desired frequency response. The resistor



values are typically calculated by a software program which takes the desired

frequency response as an input.

[009] It is well known that the basis of a FIR filter is the mathematics of Fourier

transforms. By properly selecting the resistor values in a set of resistors as the

inverse of a set of Fourier coefficients that is calculated to provide a desired

frequency response, a FIR filter is designed to provide an output with that

response. The resistor values are typically calculated by a software program

which takes the desired frequency response as an input.

[0010] The output of a FIR filter is thus generally characterized by the expression:

where N is the number of elements in the filter, the values of Wi represent the set

of weighting factors implemented by the resistors, and the values of Ini represent

a series of delayed versions of the input signal.

[0011] In a typical FIR filter, the delay between each value of Ini may be, for

example, 1 nanosecond (nS), and the filter may consist of, for example, 30

elements or more. However, this a broad generalization, and there are many

variations of both the delay time and the number of elements that are known to

those of skill in the art.

[0012] The values of Wi and Ini may be continuous, i.e., analog quantities, or may

be quantized, i.e., digital or digitally encoded quantities. However, one

limitation on an "all analog" FIR filter is the delay elements: although a

transmission line is an easy way to implement such delay elements, such a line is

impractical to implement on a silicon chip.



[0013] One way to avoid this limitation is to use a digital representation of the

input signal, i.e., to use values of Ini that are digital which may be easily delayed

in a logic circuit; the precise analog signal is not important since all that is

necessary to encode a digital signal is whether the signal is high or low relative

to some threshold and thus results in a 1 or a 0. A FIR filter built in this way,

where the values of the delayed input Ini are digital and the values of the

weighting factors Wi are analog, is commonly referred to as a semi-analog FIR

filter.

[0014] A semi-analog FIR filter is advantageous since it replaces the delay

elements that would be needed to delay an analog signal in an analog

transmission line with clocked digital delay elements. Such digital delay

elements impose two degrees of quantization on the analog signal. First, since

the delay elements are clocked, they can only change state on the clock edge, and

events are therefore now quantized to the timing edges of the clock. Second,

being digital elements, the values of amplitude of their outputs are now just 0 or

1, rather than the original analog qualities. This may be contrasted to an analog

transmission line: a delay line constructed from an analog transmission line can

pass any signal amplitude and can make a transition between continuous levels

at any time.

[0015] A semi-analog FIR filter thus has the benefit of a clocked digital delay line,

and is thus practical to build on a silicon chip. The delay elements may, for

example, be clocked D-flip-flops (DFFs) where the delay time is defined by a

common clock, or simply logic gates in which the delay time is the logic gate

transition time (known as the "gate delay"). It may be seen that if the input

signal to the circuit 100 of Figure 1 is a digital signal, and the delay elements Ul

to U5 are clocked digital delay elements, the circuit is a semi-analog FIR filter, as



the output is still the sum of the products from the resistors and thus an

essentially continuous analog output.

[0016] Using such a semi-analog FIR filter allows any signal that may be

conveniently represented in a digital form to be processed by the filter. For

example, a square wave signal at 100 megahertz (MHz) may be fed into a delay

line consisting of logic gates and the output of the gates summed with the

appropriate weighting to make an analog output, and, with the appropriate

weightings of Wi, may even generate an analog sine wave from the digital square

wave.

[0017] In conventional semi-analog FIR filters, current flows continuously

through the resistors Rl to R5, and thus power is continuously consumed while

the filter is operating. Since such filters are commonly used in signal processing

in portable devices, such as smart phones, tablets, and laptop computers, which

run on batteries of limited capacity, the power consumption of such filters is part

of the total power consumption of the device and contributes to limiting the time

the device may be operated before the batteries are drained.



Summary of the Invention

[0019] A method and system is disclosed for placing some of the elements of a

FIR filter into a high impedance state in certain situations.

[0020] One embodiment discloses a finite impulse response filter comprising: an

input configured to receive an input signal; a delay line comprising a plurality of

delay elements in series and connected to the input for propagating and delaying

the input signal; a plurality of buffers, each buffer in the plurality of buffers

coupled to the delay line after a separate one of the plurality of delay elements so

as to receive the delayed input signal after the input signal has passed through

the connected delay element; a plurality of control elements, each control

element in the plurality of control elements coupled to a separate one of the

plurality of buffers and configured to detect the delayed input signal

immediately before and after the delay element to which the buffer is coupled

and cause the buffer connected to the control element to not pass the delayed

input signal through the buffer if the delayed input signal immediately before

the delay element to which the buffer is coupled is the same as the delayed input

signal after the same delay element; a plurality of impedance elements having

impedance values, each of the plurality of impedance elements coupled to a

different one of the plurality of buffers than each other impedance element in the

plurality of impedance elements so as to receive a delayed input signal when the

connected buffer passes the delayed input signal and provide an output

weighted by the impedance value of the impedance element, the impedance

values of the plurality of impedance elements selected such that the sum of the

outputs of the plurality of impedance elements produces a selected frequency

response to the input signal; and an output coupled to the plurality of impedance

elements to produce an output signal.



[0021] Another embodiment discloses a finite impulse response filter having a

differential output for providing a first output signal and a second output signal

which is the complement of the first output signal, comprising: an input

configured to receive an input signal; a delay line comprising a plurality of delay

elements in series and connected to the input for propagating and delaying the

input signal; a plurality of buffers, each buffer in the plurality of buffers coupled

to the delay line after a separate one of the plurality of delay elements so as to

receive the delayed input signal after the input signal has passed through the

coupled delay element, configured to either provide the delayed input signal and

an inverted delayed input signal as outputs or to be placed in a state in which

there is no output, in response to a control signal; first and second pluralities of

impedance elements having impedance values, the impedance values of the first

set of impedance elements being the same as the impedance values of the second

set of impedance elements, the impedance values of the each plurality of

impedance elements selected such that the sum of the outputs of each plurality of

impedance elements produces a signal of a selected frequency response to the

input signal, each of the first plurality of impedance elements and each of the

second plurality of impedance elements coupled to a different one of the

plurality of buffers than each other impedance element in the first and second

pluralities of impedance elements to receive the delayed input signal, two

impedance elements having the same impedance values being coupled to each

buffer, the one from the first plurality of impedance elements receiving the

delayed input signal from the buffer and the one from the second plurality of

impedance elements receiving the inverted delayed input signal, an output

connected to the first plurality of impedance elements to produce a first output

signal; and an output connected to the second plurality of impedance elements to



produce a second output signal which is the complement of the first output

signal.

[0022] Still another embodiment discloses a method of designing a finite impulse

response filter having a delay line containing a plurality of delay elements and

providing a differential output, comprising: receiving at a processor a selected

frequency response for the filter; calculating by the processor an impedance

value for each of a first plurality of impedance elements, each impedance

element from the first plurality of impedance elements to be coupled to the delay

line after a different delay element than each other impedance element in the first

plurality of impedance elements so as to receive a delayed input signal and

provide an output weighted by the impedance value of the impedance element,

the impedance values of the first plurality of impedance elements calculated such

that a sum of the outputs of the first plurality of impedance elements is a first

output signal of the selected frequency response; determining by the processor

whether the first plurality of impedance elements contains two adjacent

impedance elements having the same impedance values, and, if so, preventing

the second such impedance element from the first plurality of impedance

elements from contributing to the first output signal such that the remaining

impedance elements in the first plurality of impedance elements create an

adjusted first plurality of impedance elements; connecting by the processor the

outputs of the adjusted first plurality of impedance elements to provide an

output signal; determining by the processor a second plurality of impedance

elements having the same impedance values as the adjusted first plurality of

impedance elements to be coupled to the delay line with the same impedance

values after the same delay elements but receiving an inverted delayed input

signal; and connecting by the processor the outputs of the second plurality of



impedance elements to provide a signal which is the complement of the output

signal.



Brief Description of the Drawings

[0023] Figure 1 is a block diagram of a typical prior art finite impulse response

(FIR) filter.

[0024] Figure 2 is a block diagram of a FIR filter according to one embodiment.

[0025] Figure 3 is a block diagram of a FIR filter according to another

embodiment.

[0026] Figure 4 is a block diagram of a differential output FIR filter according to

one embodiment.

[0027] Figure 5 is a block diagram of a differential output FIR filter according to

another embodiment.

[0028] Figure 6 is a flow chart of a method for designing a differential output FIR

filter using a processor according to one embodiment.



Detailed Description of the Invention

[0030] Described herein is a system and method for effectively placing some of

the impedance elements of a FIR filter into a high impedance state in certain

situations. When an impedance element is in a high impedance state, no current

flows through it and it thus consumes no power. Placing some of the impedance

elements in a high impedance state thus reduces the power consumption of a FIR

filter.

[0031] As above, the impedance elements represent the coefficients of a transfer

function. In certain cases some of the coefficients of a selected transfer function

may be omitted and the resulting, now altered, transfer function treated in a way

so as to compensate for the omitted coefficients. One way coefficients may be

omitted is by effectively "turning off" the corresponding impedance elements

from the filter by placing the drivers of those impedance elements into a high

impedance state, so that no current flows through the impedance elements and

they do not contribute to the output of the filter.

[0032] This may advantageously be done in at least two situations. First, when it

is detected that the value of a delayed sample of a signal to an impedance

element is the same as the value of the immediately preceding sample to that

impedance element, i.e., the sample from one sampling interval earlier, then

rather than driving the signal through that impedance element and creating a

voltage that is included in the filter output, the driver of that impedance element

is "turned off" or goes into a high impedance state, so that no current flows

through that impedance element, it no longer contributes to the filter output, and

it consumes no power while it is "off."



[0033] In another situation, if the coefficients of a transfer function are such that

there are two identical coefficients adjacent to one another, the values of two

consecutive impedance elements located at two adjacent taps of the delay line

will be the same. The driver of one of those impedance elements may be turned

off or go into a high impedance state, again effectively turning off that

impedance element so that it does not contribute to the output of the filter and

reducing current flow and power consumption.

[0034] Referring back to Figure 1, again it will be seen that current always flows

through the resistors, and power is thus always consumed, when the filter 100 is

in operation. If some of the resistors can be "turned off," or placed into a

condition of high impedance so that current is not always flowing through them,

then the power consumption of the filter may be reduced. The issue thus

becomes whether this can be done without losing any of the information

contained in the input signal.

[0035] One of skill in the art will appreciate that in a digital signal which is a

sequence of l's and 0's, a string of the same value, i.e., all l's or all 0's, will

simply result in a continuous value for the output. Thus, the relevant

"information" contained in a signal is present in, and may be ascertained from,

the changes in value of the signal from a 1 to a 0 and vice versa, as well as in the

actual values of the signal. This means that the information contained in the

signal may be retrieved by processing the changes in the signal, rather than

having to process the entire signal itself.

[0036] Accordingly, in one embodiment, in order to process the signal, the

changes in the value of the delayed input signal are evaluated as the input signal

is passed down the delay line. When the value of the input signal to be passed to



an impedance element is found to be the same as the immediately previous value

of the input signal, that impedance element is "turned off" by causing the driver

of the impedance element to go to a high impedance state so that no signal is

propagated from that impedance element to the output.

[0037] Figure 2 illustrates this concept. Filter 200 is similar to filter 100 in Figure

1, again having delay elements Ul to U5, drivers Zl to Z5, and resistors Rl to R5.

Now, however, circuit 200 also contains switches SI to S5 which connect the taps

between the delay elements to the drivers Zl and Z5 and the corresponding

resistors Rl to R5, and which allow the resistors to be selectively disconnected

from the delay line. When it is determined that the delayed input signal to a

particular driver has not changed, or the impedance values are the same at two

adjacent drivers between delay elements, the switch to one of those impedance

elements may be opened so that the impedance element is disconnected from the

delay line and no longer draws current, thus reducing the power consumed by

the filter.

[0038] It will be apparent that it is also necessary to have a way of determining

whether the value of the delayed input signal has changed value or is the same at

two adjacent drivers. This may be done, for example, by a control element such

as a controller (e.g., a processor, not shown) which monitors the signal at each

driver and either compares the current delayed input signal value at the driver to

the immediately preceding signal value, or compares the values at two adjacent

drivers, to see if they are the same.

[0039] An alternative solution that does not use a controller is shown in Figure 3.

Circuit 300 again has delay elements Ul to U5, drivers Zl to Z5, and resistors Rl

to R5. Instead of switches SI to S5 as in circuit 200 in Figure 2, in circuit 300 there



are exclusive-or (XOR) gates XI to X5. Each XOR gate has one input connected

to one side of one of the delay elements Ul to U5, and the other input connected

to the other side of the same delay element as illustrated.

[0040] For example, as shown, XOR gate XI receives two inputs 302 and 304;

input 302 is the signal on the delay line before delay element Ul, and input 304 is

the signal on the delay line after delay element Ul. Thus, XOR gate XI receives

samples of the input signal which are taken at two separate times, one before

delay element Ul, and one after delay element Ul, so that the two times at which

the samples were taken is separated by the delay period of the delay elements.

The output of XOR gate XI is a value which is input as a signal 306 to driver Zl.

The other XOR gates X2 to X5 are similarly connected to the other delay elements

U2 to U5 and drivers Z2 to Z5.

[0041] As will be known to one of skill in the art, an XOR gate will output a high

signal, a value of 1, only when the two inputs differ, i.e., when the signal on one

side of the delay element is different than the signal on the other side of the delay

elements, which means that the signal has changed between one sample and the

next. If the two inputs are the same, whether they are both high or both low, an

XOR gate will output low signal, a value of 0. This signal will be used to control

the drivers as explained below.

[0042] While the drivers Zl to Z5 in circuits 100 and 200 need only to pass the

signal from the delay line, whether high or low, in circuit 300 the drivers Zl to Z5

are now tri-state buffers which, in addition to having a high and low state

corresponding to the signal value, have a third state of high impedance, in which

no signal is passed through the driver at all. In addition to receiving the signal



values from the delay line, tri-state buffers Zl to Z5 each have an additional

input which causes the driver to go to that high impedance state.

[0043] In the embodiment of Figure 3, as above these additional inputs are the

outputs of the XOR gates XI to X5, and a driver Zl to Z5 is put into a high

impedance state if the additional input is a low value, i.e., a value of 0. A driver

is only "on" and able to pass a signal from the delay line when the additional

input to the driver from the connected XOR gate is a high signal, i.e., a value of 1.

If the driver receives a low signal, it is not on, and goes to the high impedance

state and does not pass a signal.

[0044] When the signal has changed from one sample to the next, one side of a

delay element, its input, will have a different value than the other side of that

delay element, its output. The XOR gate attached to that delay element will thus

receive two inputs that are not the same, and will output a high value, turning

the driver on and allowing it to pass the signal from the delay line tap. This in

turn allows current to flow through the attached resistor and be part of the filter

output.

[0045] Conversely, when the signal has not changed from one sample to the next,

one side of a delay element will have the same value as the other side of that

delay element. The XOR gate attached to that delay element will instead receive

two inputs that are the same, and will now output a low value. Since the driver

now receives a low value, it is not turned on and does not pass the signal from

the delay line tap.

[0046] In a similar fashion to the circuit 100 of Figure 1, the outputs of the

resistors of circuit 300 that still receive signals from the delay line are summed

together to produce a filtered signal. The output of circuit 300 will be a different



signal than that of circuit 100, even if the resistors values are the same in both

circuits, since which outputs from the various resistors are included in the output

signal will change as the input signal varies.

[0047] For this reason, placing some of the coefficient values into the high

impedance state as the input signal varies will also change the transfer function

of the FIR filter as which outputs from resistors are included in the output signal

of the filter. One of skill in the art will appreciate that changing the resistor

outputs included in the output signal will also change the effective impedance of

the filter, which would otherwise be the effective impedance of all of the

impedance elements in parallel if all of the impedance elements were active.

[0048] Thus, if the currents from the impedance elements (i.e., those that have

not been effectively turned off by placing their drivers in a high impedance state)

are simply added together, the resulting output will not appear to be the signal

that would be expected from the filter if all of the impedance elements are

connected, but rather may seem to be a sequence of random voltages appearing

at intervals of the sampling period.

[0049] To correct for this, instead of simply taking the sum of the currents from

the impedance elements as the output signal, that sum is bandwidth limited, for

example by passing the sum of the currents through a capacitor (not shown).

[0050] One of skill in the art will appreciate that there is a time constant to the

circuit comprised of the output impedance and the capacitor, in this case an RC

circuit, which is based upon the effective impedance of the filter and the

capacitance of the capacitor attached to the output. That time constant will of

course change when the effective impedance of the filter changes. If the time

constant is larger than the sample period, then the seemingly random variations



in the output signal at intervals of the sampling period will be filtered out of the

output signal and the average value of the output will be taken, causing a non-

random output signal to appear.

[0051] In fact, the changes in the time constant will compensate for the changes

in the transfer function. Tests confirm that the changes in the impedance from

placing coefficients in a high impedance state and back, and the resulting

changes in the time constant, cancel out the changes in the transfer function with

one exception. The bandwidth-limited output of the filter of circuit 300 of Figure

3 is not the output from the transfer function of the entire filter as in circuit 100 of

Figure 1. Rather, the output of circuit 300, which has changing combinations of

impedance elements, becomes the derivative of the output function of the circuit

100, which has all of the impedance elements in their low impedance states

passing all samples of the input signal.

[0052] One of skill in the art will recognize that having a signal which is the

derivative of a selected transfer function is still extremely useful, as the

derivative of, for example, a sine wave is another sine wave. Since Fourier

analysis shows that any signal can be considered as some combination of sine

waves, the derivative of a signal is likewise a combination of sine waves. One of

skill in the art will further appreciate how to use the derivative of a signal to

accomplish the same things as the signal from which the derivative is taken.

[0053] In another embodiment, a high impedance state may be applied to

coefficient drivers that are driving coefficient values that are the same as the

adjacent coefficient values. For example, in circuit 200 in Figure 2, if resistor R2

is of the same value as resistor Rl, and resistor R4 is of the same value as resistor



R3, switches S2 and S4 may be opened, thus effectively placing resistors R2 and

R4 in a high impedance state, so that they do no contribute to the output Out.

[0054] In fact, even if multiple sequential resistors are of the same value, all but

the first may be disconnected from the output. If, for example, resistors R2, R3

and R4 are all of the same value as resistor Rl, all three switches S2 to S4 may be

opened so that all three resistors R2 to R4 are excluded from the output Out.

Since there is no resistor value before Rl to be compared, Rl remains connected

to the output Out.

[0055] Again, the new value of Out will be the derivative of the original output

with all resistors connected, and again the bandwidth of Out should be limited to

smooth out the variations in the output that occur at the delay intervals.

[0056] Another way of using this alternative embodiment is in semi-analog FIR

filters having differential outputs, such as those shown in, for example, U.S.

Patent No. 8,504,601, commonly owned by the assignee of the present

application. Such circuits may benefit from a high impedance state applied to

coefficient drivers that are driving coefficient values that are the same as the

adjacent coefficient values.

[0057] Figure 4 shows a circuit 400 which is a differential output FIR filter. In

circuit 400, assuming that all of the resistor values are the same, it may be seen

that resistors Rl and R2 are connected to the outputs Out and Outb respectively

in the same way as resistors R3 and R4 and resistors R9 and R10. On the other

hand, resistors R5, R6, R7 and R8 are connected to the output in the opposite

fashion to resistors Rl and R2. Drivers Zl to Z5 provide both delayed input

signals and inverted delayed input signals as outputs, the inverted outputs being

indicated by the bubbles on drivers Zl to Z5 in Figure 4.



[0058] If the connection of resistors Rl and R2 is characterized as representing a

signal of 1, then the five coefficients in order will appear to be 1, 1, -1, -1, 1.

Because driver Z2 and resistors R3 and R4 is making the same coefficient as

driver Zl and resistors Rl and R2, driver Z2 may be turned off, i.e., placed in a

condition of high impedance, so that the coefficient made by resistors R3 and R4

is not present in the output.

[0059] Similarly, since driver Z4 and resistors R7 and R8 make the same

coefficient as driver Z3 and resistors R5 and R6, driver Z4 may also be placed in a

high impedance state so that the coefficient made by resistors R7 and R8 is not

present in the output.

[0060] An alternative version of circuit 400 is circuit 500 of Figure 5. In circuit

500, drivers Zl to Z5 are again tri-state buffers, and again provide both inverted

and non-inverted outputs. Drivers Zl, Z3 and Z5 receive inputs (the non-signal

input) of 1, which turns them on so that tapped signal values are passed to

resistors Rl, R2, R5, R6, R8 and R10. Conversely, drivers Z2 and Z4 receive non-

signal inputs of 0 so that they are in high impedance states and do not pass

tapped signal values to resistors R3, R4, R7 and R8.

[0061] Similarly to the situation discussed above with respect to Figure 2, if more

than two pairs of resistors having the same values are connected to the outputs

in the same way, all but the first pair may be disconnected from the output. The

first pair remains connected to the output since there is no previous pair of

resistors to be compared to the first pair.

[0062] Again, if impedance elements are disconnected from the outputs Out and

Outb, the "new" outputs will be the derivatives of what they would have been if

all of the impedance elements were connected.



[0063] In the case of differential output filters such as those shown in Figures 4

and 5, in some embodiments the coefficients may be known when the filter is

designed. In such cases, the decision to disable drivers where the coefficients are

identical to adjacent drivers may be made at the time of the design.

Alternatively, a decision may be made to not even manufacture those resistors

(or other impedance elements) of identical value if their drivers are to be

permanently disabled.

[0064] In other embodiments, it may be possible to program the coefficients, and

thus adjust the impedance values, while the filter is in operation; in such a case

the decision to turn the drivers on or off may be made during operation by a

controller in the device as above, or by the use of XOR gates as above.

[0065] Figure 6 is a flowchart of a method by which a processor may design a

filter such as that shown in Figure 5. At step 602, the processor receives as an

input a selected frequency response for a semi-analog FIR filter having

differential outputs. The selected frequency response may be input by a user,

i.e., a designer of a circuit or device in which such a filter is to be used, or in some

cases the input may be received from another processor or program.

[0066] At step 604, the processor calculates impedance values for a first set of

impedance elements which, when coupled to a delay line, will result in a transfer

function for the filter which provides the desired frequency response. This is

typically done by calculating a set of Fourier coefficients for the transfer function,

and then selecting impedance values which are the inverse of those coefficients.

One of skill in the art will be aware of commercially available software programs

that accept a desired frequency response as input and provide a set of

coefficients as output. One such program is MATLAB® from Math Works™.



[0067] At step 606, the processor next determines whether any pair of two

adjacent impedance elements have the same value. At step 608, the processor

prevents the second of the two such impedance elements from contributing to

the output of the filter, for example, by including in the design a signal that sets

the buffer delivering a delayed input signal to that impedance element to a high

impedance state as discussed above and determines an adjusted set of

impedance elements containing those impedance elements that will contribute to

the output and excluding those that will not contribute. Alternatively, the

impedance elements to be prevented from contributing to the output of the filter

may simply be removed from the design completely.

[0068] At step 610 the processor connects the outputs of the impedance elements

in the adjusted set of impedance elements to provide an output signal.

[0069] At step 612, the processor determines a second set of impedance elements

having the same values as the adjusted set of impedance elements and coupled

to the delay line as the corresponding elements in the adjusted set of impedance

elements, but each receiving an inverted delayed signal rather than the (non-

inverted) delayed input signal received by the adjusted set of impedance

elements. As above, such inverted signals may be provided by, for example,

buffers between the delay line and the impedance elements.

[0070] At step 614, the processor connects the outputs of the second set of

impedance elements to provide a signal which is the complement of the output

signal as described above.

[0071] As above, in some embodiments it may be desirable to bandwidth limit

the output signal and the complement of the output signal by connecting a



bandwidth limiting element, such as a capacitor, to the summed outputs of the

impedance elements.

[0072] The disclosed system and method has been explained above with

reference to several embodiments. Other embodiments will be apparent to those

skilled in the art in light of this disclosure. Certain aspects of the described

method and apparatus may readily be implemented using configurations or

steps other than those described in the embodiments above, or in conjunction

with elements other than or in addition to those described above.

[0073] For example, it is expected that the described method and apparatus may

be used with other FIR filter configurations than the single FIR filter or

differential output FIR filter configurations described herein. Further, while the

described embodiments concern digital signals comprised of only values of 1 and

0, the described method and apparatus should be applicable to any quantized

signal, i.e., any signal having a number of quantized levels rather than being a

analog signal having a continuously varying level.

[0074] In addition to smart phones and other mobile devices such as tablets or

laptops, it is expected that the described method and apparatus will also be

useful in any other device in which a FIR filter is powered by a battery and the

battery life is a concern.

[0075] As above in some embodiments a controller may be used to detect when

adjacent samples or coefficient values are the same, and to disconnect impedance

elements from the delay line, for example by the use of switches. Various types

of controllers or processors may be used, and various types of switches in

addition to the described embodiment using XOR gates.



[0076] It should also be appreciated that the described method and apparatus can

be implemented in numerous ways, including as a process, an apparatus, or a

system. The methods described herein may be implemented by program

instructions for instructing a processor to perform such methods, and such

instructions recorded on a computer readable storage medium such as a hard

disk drive, floppy disk, optical disc such as a compact disc (CD) or digital

versatile disc (DVD), flash memory, etc. It may be possible to incorporate the

described methods into hard-wired logic if desired. It should be noted that the

order of the steps of the methods described herein may be altered and still be

within the scope of the disclosure.

[0077] These and other variations upon the embodiments are intended to be

covered by the present disclosure, which is limited only by the appended claims.



Claims

What is claimed is:

1. A finite impulse response filter comprising:

an input configured to receive an input signal;

a delay line comprising a plurality of delay elements in series and

connected to the input for propagating and delaying the input signal;

a plurality of buffers, each buffer in the plurality of buffers coupled to the

delay line after a separate one of the plurality of delay elements so as to receive

the delayed input signal after the input signal has passed through the connected

delay element;

a plurality of control elements, each control element in the plurality of

control elements coupled to a separate one of the plurality of buffers and

configured to detect the delayed input signal immediately before and after the

delay element to which the buffer is coupled and cause the buffer connected to

the control element to not pass the delayed input signal through the buffer if the

delayed input signal immediately before the delay element to which the buffer is

coupled is the same as the delayed input signal after the same delay element;

a plurality of impedance elements having impedance values, each of the

plurality of impedance elements coupled to a different one of the plurality of

buffers than each other impedance element in the plurality of impedance

elements so as to receive a delayed input signal when the connected buffer

passes the delayed input signal and provide an output weighted by the

impedance value of the impedance element, the impedance values of the

plurality of impedance elements selected such that the sum of the outputs of the



plurality of impedance elements produces a selected frequency response to the

input signal; and

an output coupled to the plurality of impedance elements to produce an

output signal.

2. The finite impulse response filter of claim 1 wherein the control elements

coupled to the buffers and configured to cause the connected buffers to not pass

the delayed input signal through the buffer comprise switches connected

between the delay line and the buffers, each of the switches having a closed

position which passes the signal from the delay line to the connected buffer and

an open position which does not pass the signal from the delay line to the

connected buffer and caused to open so that no signal is passed from the delay

line to the buffer when the delayed input signal immediately before the delay

element to which the buffer is coupled is the same as the delayed input signal

after the same delay element.

3. The finite impulse response filter of claim 2 further comprising a

controller for detecting the delayed input signal immediately before and after

each delay element and causing the switch connected to a buffer to open so as to

not pass the delayed input signal to the buffer if the delayed input signal

immediately before a delay element is the same as the delayed input signal after

the same delay element.

4. The finite impulse response filter of claim 1 wherein:

each of the buffers is configured to be placed in a high impedance state

based upon a control signal such that the buffer does not pass a signal from the

delay line to the connected impedance element; and



the control elements are exclusive-or gates, each exclusive-or gate having

one input connected to the delay line immediately before a separate one of the

delay elements and another input connected to the delay line immediately after

the same separate one of the delay elements, and an output connected to a

separate one of the buffers, the output of each exclusive-or gate being the control

signal for the buffer connected to that exclusive-or gate which causes the buffer

to be placed in a high impedance state when the delayed input signal

immediately before the delay element to which the buffer is coupled is the same

as the delayed input signal after the same delay element.

5. The finite impulse response filter of claim 1 further comprising a device

connected to the output for limiting the bandwidth of the output signal.

6. The finite impulse response filter of claim 1 wherein the device connected

to the output is a capacitor.

7. The finite impulse response filter of claim 1 wherein the impedance

elements are resistors.

8. The finite impulse response filter of claim 1 wherein the impedance

elements are capacitors.

9. The finite impulse response filter of claim 1 wherein the impedance

elements are inductors.



10. A finite impulse response filter having a differential output for providing

a first output signal and a second output signal which is the complement of the

first output signal, comprising:

an input configured to receive an input signal;

a delay line comprising a plurality of delay elements in series and

connected to the input for propagating and delaying the input signal;

a plurality of buffers, each buffer in the plurality of buffers coupled to the

delay line after a separate one of the plurality of delay elements so as to receive

the delayed input signal after the input signal has passed through the coupled

delay element, configured to either provide the delayed input signal and an

inverted delayed input signal as outputs or to be placed in a state in which there

is no output, in response to a control signal;

first and second pluralities of impedance elements having impedance

values, the impedance values of the first set of impedance elements being the

same as the impedance values of the second set of impedance elements, the

impedance values of the each plurality of impedance elements selected such that

the sum of the outputs of each plurality of impedance elements produces a signal

of a selected frequency response to the input signal,

each of the first plurality of impedance elements and each of the

second plurality of impedance elements coupled to a different one of the

plurality of buffers than each other impedance element in the first and

second pluralities of impedance elements to receive the delayed input

signal,

two impedance elements having the same impedance values being

coupled to each buffer, the one from the first plurality of impedance

elements receiving the delayed input signal from the buffer and the one



from the second plurality of impedance elements receiving the inverted

delayed input signal,

an output connected to the first plurality of impedance elements to

produce a first output signal; and

an output connected to the second plurality of impedance elements to

produce a second output signal which is the complement of the first output

signal.

11. The finite impulse response filter of claim 10 further comprising a control

element for detecting whether the impedance elements coupled to a first buffer

have the same impedance values as the impedance elements connected to a

second immediately successive buffer, and placing the second buffer in a state in

which it does not provide the delayed input signal and inverted delayed input

signal as outputs if the two buffers are coupled to impedance elements having

the same impedance values.

12. The finite impulse response filter of claim 10 further comprising a control

element configured to determine that the impedance elements coupled to a first

buffer have the same impedance values as the impedance elements connected to

the immediately successive buffer and causing the second buffer to not provide

the delayed input signal and inverted delayed input signal as outputs.

13. A method of designing a finite impulse response filter having a delay line

containing a plurality of delay elements and providing a differential output,

comprising:

receiving at a processor a selected frequency response for the filter;



calculating by the processor an impedance value for each of a first

plurality of impedance elements, each impedance element from the first plurality

of impedance elements to be coupled to the delay line after a different delay

element than each other impedance element in the first plurality of impedance

elements so as to receive a delayed input signal and provide an output weighted

by the impedance value of the impedance element, the impedance values of the

first plurality of impedance elements calculated such that a sum of the outputs of

the first plurality of impedance elements is a first output signal of the selected

frequency response;

determining by the processor whether the first plurality of impedance

elements contains two adjacent impedance elements having the same impedance

values, and, if so, preventing the second such impedance element from the first

plurality of impedance elements from contributing to the first output signal such

that the remaining impedance elements in the first plurality of impedance

elements create an adjusted first plurality of impedance elements;

connecting by the processor the outputs of the adjusted first plurality of

impedance elements to provide an output signal;

determining by the processor a second plurality of impedance elements

having the same impedance values as the adjusted first plurality of impedance

elements to be coupled to the delay line with the same impedance values after

the same delay elements but receiving an inverted delayed input signal; and

connecting by the processor the outputs of the second plurality of

impedance elements to provide a signal which is the complement of the output

signal.
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