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Abstract—in recent years, we have witnessed the rapid adoption significantly greater interference protection. In particular, an
of the Department of Defense’s Global Positioning Systgf@PS) “all digital” approach offers promising performance.
for navigation in a number of military and civilian applications. One class of interfering signal that is particularly trou-

Unfortunately, the low-power GPS signal is susceptible to in- - - .
terference. This paper presents a novel VLSI architecture that blesome is narrow (or partial) band interference.-A00

removes narrow-band signals from the wide-bandwidth GPS dBm single-tone (CW) signal presented to the antenna of
spectrum. The interference suppression technique employed is a typical commercial receiver is sufficient to prevent GPS

frequency-domain excision. The single-chip frequency-domain acquisition. Frequency-domain implementations of adaptive
excisor transforms the received signal (GPS signal + noise + narrow-band filters (ANBF’s) have been shown to provide

interference) to the frequency domain, computes signal statistics lent tecti inst band interf 111
to determine an excision threshold, removes all spectral energy €XCellent protection against narrow-band interference [1]. In

exceeding that threshold, and restores the remaining signal (GPS this paper, we describe a single-chip custom VLSI imple-
signal + noise) to the temporal domain. The heart of this VLSI mentation of an ANBF in the form of a frequency-domain
implementation is an on-chip 256-point fast Fourier transform interference suppressor (FDIS). The FDIS IC accepts 12-bit
processor that operates at 40 million complex samples per second.inputs for eachl and Q sample and maintains an internal
It processes 12-bit (for eachl and @) sampled complex data. The . . - -
1.5-million-transistor chip was fabricated in 0.54:m CMOS triple computational precision of 20 bits. It Qp_erates at a continuous
metal technology and is fully functional. data throughput rate of up to 10 million complex samples
per second (MCSPS) and is suitable for high-performance
C/A code GPS receiver applications. When included in a
properly designed GPS receiver, FDIS provides protection
against a single tone narrow-band interfering signal with an
. INTRODUCTION interference-to-signal ratio (ISR) of up to 97 dB. Furthermore,

GLOBAL Positioning System (GPS) receiver compute@‘is technology provides protection against a broad class of
A its position, velocity, and time solution by processin@wterference environmenfcs including multiplc_a tqnes, syvept
navigation signals from a constellation of GPS satellite§W: and pulsed CW. An important consideration in any time-
These signals arrive at the receiver at a very low-power level, frequency-based ANBF implementation is the resultant
typically 20-30 dB below the receiver's thermal noise leveilegradation of the desired signal. A key feature of FDIS is its
By integrating over time a receiver can exploit the inhereftherent ability to accurately identify narrow-band interference
spread-spectrum processing gain of the navigation signals®@fl eliminate it with minimal adverse impact on the GPS
provide positive postcorrelation signal-to-noise ratio (SNR§ignal- When no such interference is present, FDIS introduces
Current generation receivers typically employ a radio_frequenwghgmle insertion loss. When narrow-band interference exists
(RF) front-end and digitization implementation that provide® concert with broad-band interference, FDIS removes the
very low dynamic range. Their adaptive analog-to-digitzﬂarrOW'band interference only. It is ideally suited to combined
(A/D) conversion schemes provide a modest level of protectigiti-iam (AJ) implementations where FDIS is integrated with
against low-power, in-band interference energy. Unfortunate spatial processor aimed at removing broad-band interference
this falls far short of the level of protection required in aan&é
system that depends on reliable GPS service and must operatge following sections will describe FDIS processing for the
in even a modestly challenging electronic interference enviroffP?S application and provide a detailed description of the ex-
ment. This class of user includes most military and many civgision algorithm implemented. The final section will motivate
applications. The realization of this vulnerability leads to th@nd describe the VLSI architecture along with practical design
requirement for a new generation of GPS user equipment witAnsiderations.

Index Terms—Adaptive narrow-band filter, frequency-domain
excision, frequency-domain inteference suppression, GPS.

Il. FREQUENCY-DOMAIN INTERFERENCESUPPRESSION

Manuscript received July 30, 1999; revised October 11, 1999. This work was PROCESSING

supported by the GPS Joint Program Office. . . L
The authors are with The MITRE Corporation, Bedford, MA 01730 USA. Frequency-domain interference suppression processing in its

Publisher Item Identifier S 0018-9200(00)00535-7. simplest form is shown in Fig. 1. The fast Fourier transform

0018-9200/00$10.00 © 2000 IEEE



402 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 35, NO. 3, MARCH 2000

F The kth DFT output sample for each block @f, samples,
orward Excisi Inverse . . p
— prr [| Excision — oo, X(k), for this case is given by
Np—1 s
Fig. 1. Simple FDIS processing. X(k)= Z w(n)z(n)e ¥ , k=0,1,...,N,—1. (3)
n=0

(FFT) translates the input signal into the frequency domain, ahe selection of the window coefficientap(n), n =
excisor block modifies the spectrum to eliminate narrow-barfd1,.. ., V, — 1, determines the amount of spectral leakage in
interference, and an inverse FFT transforms the modified spéite DFT output. To illustrate this, consider the nonwindowed
trum back to the time domain. The desired output signal is tigocessing, which is equivalent to using a rectangular window.
input signal minus the narrow-band interference with a minimahe spectral leakage problem is most easily visualized in the
degradation to the signal of interest. frequency domain. The Fourier transform of the rectangular
The input signalz(n) = s(n)+j(n),n =0,1,...,N,—1, window is a sinc function with the first sidelobe 13 dB down
is composed of two components: the desired composite sigrelhtive to the main lobe and with subsequent sidelobes that fall
s(n) (GPS signal + AWGN) and the undesired interferenceff at 6 dB/octave. When the frequency of a signal is not exactly
J(n). Thekth discrete Fourier transform (DFT) output samplene of the DFT frequencies, the signal energy will be spread
for each block ofiv, samples X (%), is given by across the spectrum proportional to the width of the main lobe
and the height of the sidelobes of the window. Selecting a
window with lower sidelobes will reduce the amount of spectral

Np—1 PR leakage. However, a lower sidelobe usually results in a wider
X(k)y= Y a(n)e?>* /N k=0,1,...,N,—1. (1) main lobe (ie., reduced spectral resolution).
n=0 There are a number of window functions described in [3]. For

C - . the GPS application, the objective is to minimize the frequency
The DFT can distinguish exactlyv, distinct frequencies spreading of each CW tone in order to minimize the number

fi = 2rk/Np, k = 0,1,...,N, — 1. The DFT of a signal ¢ frequency bins that will be excised. At the same time, one
that contains frequency components that are not exactly these

) o ould also want to minimize the degradation of the GPS signal
frequencies exhibits the phenomenon of spectral leakage. H . . . ) :
when an interferer is not present. The window selection requires

other words, the DFT assumes a periodic extension of a finit S )
sequence that is lengtN,, samples. If theY, samples of the a%radeoff between the reduction in SNR due to the signal atten-

put secuence sre ot prcic i the DFT window of L0 S4BT e dea serce by 2 o
servation, a discontinuity occurs at the DFT's block bounda P '

This results in spectral leakage, as further elaborated in [3]. Fof}e degradation of the SNR can be expressed as

the case of a nonwindowed DFT, the discontinuity is abrupt No1 2
and the spectral leakage can be significant. To illustrate this (Zn=0 w(”)>

. -_— 4
effect and to demonstrate the performance of the simple FDIS NZf::_ol w2(n)

processing case, Fig. 2 depicts the DFT output for an input

signal that represents an additive white Gaussian noise sighdf SNR loss can be as high as 3 dB for some window
in the presence of a single CW interferer functions with extremely low sidelobes. Similarly, frequency

containment is proportional to a window's lowest sidelobe
level. For example, a minimum four-sample Blackman—Harris
{27 f; window has a-92 dB sidelobe that provides excellent fre-
z(n) = s(n) +exp [‘7 <T - d))} : @ quency containment for each CW interferer. The low sidelobe
levels essentially restrict the spectral leakage to the width (ap-
In this case, the interference frequency is sefto= (fi + proximately seven frequency bins) of the window's main lobe.
frx+1)/2. This places the CW tone in the middle of two of thé his window, however, results in a 3 dB SNR loss due to high
DFT's distinct frequency bins. As can be seen in Fig. 2, tlsggnal attenuation at the DFT block transitions. Conversely, a
spectral energy of the tone is spread across the entire spectrdamming window which has &40 dB sidelobe level, provides
The dashed line indicates a calculated excision threshold. Aingquency containment equivalent to approximately three
frequency location that is above the calculated threshold wodtéquency bins for each CW interferer provided the interference
be set to zero. Through this operation, the interference enetgyel is significantly below the-40 dB sidelobe level. The
is removed from the received spectrum. It is obvious that IB®NR degradation resulting from a Hamming window is less
threshold can be selected that will allow the removal of the ithan 1.36 dB. In Fig. 4, we see the reduction in the humber
terference energy without also removing excessive signal spetfrequency bins occupied by a CW interferer with a 30 dB
trum. interference-to-noise ratio (INR). Since the interference is
To mitigate the effect of spectral leakage, DFT-based ANBKell above the-13 dB sidelobes of the rectangular window,
techniques typically use windowing. Windowing applies &he spectrum for this case exhibits significant spectral leakage
weighting factor to the input signal prior to computing the DFBimilar to that shown in Fig. 2. The Hamming window and the
(Fig. 3). Windowing smooths the discontinuities at the bloctour-sample Blackman—Harris window have sidelobe levels
boundary and therefore lessens the effect of spectral leakatat are below the interference level. Windowing the input
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Fig. 2. DFT output for a single interferer without windowing.
Window The beneficial effect of overlap processing in reducing the
— /\ > Foll;;f;rd » Excision —>» IIWFP?;Se —  Signal distortion can be seen from Fig. 6 when the output
signal is compared to the signal from one of the individual

paths. For the four-sample Blackman—Harris window, the SNR
Fig. 3. Windowed FDIS processing. degradation after a _50% _overlap'is reduced to 0.6 dB'ffom
3 dB. The next section will describe the FDIS IC's excision

. . . . algorithm in detail.
signal with Hamming or Blackman—Harris reduces the amoumg

of spectrum that must be excised, thus preserving more of the
desired signal spectrum. For the intended GPS application, we
expect an INR on the order of 65 dB; clearly the Hamming Our objective is to remove narrow-band interferers from the
window is not sufficient. A window with similar characteristicswide-bandwidth signal of interest. By definition, these inter-
to the four-sample Blackman—Harris window is required.  ferers occupy relatively few frequency bins, and their ampli-
To minimize the degradation of the SNR due to the windotudes are above the noise floor of the FFT. There are a number
while maintaining CW frequency containment, the FDI®f potential narrow-band excision algorithms [4]. The following
processing uses a well-known technique that employs a 5@#ction describes th&-sigma algorithm implemented on the
overlap [3]. The overlap function unfortunately doubles thEDIS IC.
processing since it requires a second processing path thafhe N-sigma algorithm is an adaptive algorithm that excises
includes a window, forward FFT, excisor, and inverse FFT, as variable number of the frequency bins from each FFT
shown in Fig. 5. The advantage of the overlap processing is tldata block. The percentage of the spectrum that is excised
it reduces the effect of the signal attenuation from the window dependent on the number and the magnitude of the inter-
on the output SNR. Each path in the processing chain produderers that are present. The adaptive nature of ¥heigma
one-half of the usable output sequence as shown in Fig. 6. Thaigorithm allows it to eliminate the narrow-band interferers
figure shows the contribution of each of the two data paths ¥gthout excising other frequency components of the signal
the overall result. It takes into account the windowing but farnnecessarily. TheV-sigma algorithm takes advantage of
this simple example does not include excision. The input sigrtake fact that the distribution of the (GPS signal + noise) is
is shown in Fig. 6(a). The input signal is broken into two pattepproximately Gaussian in the absence of narrow-band inter-
offset by N,,/2 samples with respect to each other [Fig. 6(lference. As interferers are added to the signal, the distribution
and (c)]. TheN,,/4 samples at the beginning and end of eadlf the spectrum becomes distorted—the portion of the signal
inverse FFT output block are discarded, leaving the middimaffected by the interference retains a Gaussian shape, and
N, /2 samples indicated by the solid line in Fig. 6. Thg the frequency components affected by the interference are
samples from each path are then combined to form the Mpal distributed above the desired signal components. The effect of
samples. The resultant output waveform is shown in Fig. 6(dhis distortion on the distribution is illustrated in Fig. 7. The

[ll. N-SIGMA EXCISION ALGORITHM
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Fig. 4. Window comparisons: (top) rectangular, (middle) Hamming, and (bottom) four-sample Blackman—Harris.
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Fig. 5. 50% overlap and select FDIS processing.

histogram in Fig. 7(a) corresponds to the magnitudes of the FRTarger o). indicates the presence of interferers and requires

output, 10 - log(| X (k)|), without interference present, and thehe selection of a smaller scale factdf to maintain the

histogram in Fig. 7(b) corresponds6 - log(| X (k)|) with five  threshold at the top of the noise floor. The five choices/far

interferers present. As illustrated in the figure, in the absenae well asr;y—o3, are user programmable. This allows for the

of interference, most of the signal is less than two standamdaptation of the FDIS IC to other spread-spectrum communi-

deviations above the mean. As the number of interferers andéation applications. Each frequency bin is then compared to the

the total interference power is increased, the mean is shiftextision threshold, and if the magnitude of the frequency bin is

with respect to the center of the Gaussian portion of the signgtgater than the threshold, its value is set to zero.

and the standard deviation is increased by the dominatingThe adaptive nature of thév-sigma algorithm is illus-

interfering frequency components. This distortion requires thiaaited in Fig. 9. For a single interferel-sigma selects @

the N-sigma algorithm select a threshold that is closer to thees the threshold—resulting in the nulling of four frequency

mean in order to excise the frequency components associdbats. For the five-interferer case, the threshold is lowered to

with the interference. o /4—resulting in the nulling of 35 frequency bins. Note that
A conceptual block diagram of th&¥-sigma algorithm is il- the N-sigma algorithm adjusted the excision percentage from

lustrated in Fig. 8. For each block of 256 complex data point$,5% to 13.7% of the spectrum as the spectral occupancy of

the V-sigma algorithm computes the magnitude in decibels ftine interference increased. As a result, it provided excellent

each of the frequency bins and then calculates the standard dmterference rejection performance while preserving as much

ation(o..1.) and mear...1.) of the magnitudes for that block. of the desired signal as possible.

The excision threshold is computed by first comparng. to

four levels,o;o to 0;3. Based on the comparisons, one of five

possible scale factors is used as the valu® ¢br the threshold

calculation A. Overview

IV. VLS| ARCHITECTURE

As described in Section Il, the frequency-domain interference
EXCisionyreshold = {frcale + N - 0cale)- (5) processing algorithm requires transforming the signal of interest
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from the time domain to the frequency domain, applying the
excision algorithm, and transforming the result back to the time
domain.

An FFT implementation of the transform requires on the
order of N, log(1V,,) operations for each block\, samples) of
data. The most reasonable tradeoff between area and speed was
to multiplex the four FFT operations shown in the conceptual
processing diagram of Fig. 5, using a pipelined FFT architec-
ture. An easily extendabl¥, = 256 point FFT core has been
designed that supports a continuous throughput of 40 MCSPS.
This results in an overall FDIS processor that performs more
than 2 billion operations per second. The FFT core will be
described in the following sections along with the hardware
implementation of théV-sigma excisor.

B. Pipelined FFT Architecture

The FFT contains a significant portion of the computational
sesources of the FDIS IC and accounts for approximately
one-half of the total area. Our goal was to design an FFT ar-
chitecture that could meet the current processing requirements
of the 2-MHz bandwidth C/A code—the standard positioning
system (SPS) GPS signal [5]—and could also be easily ex-
tended in the future for a higher bandwidth P-code receiver
(20-MHz bandwidth).

We selected a pipelined radix-2 FFT architecture because it
offers efficient memory usage, low latency, and a high con-
tinuous throughput rate, and is easily scalable for future ap-
plications [6]. The architecture contains eighig,(V,)) cas-
caded processors referred tostagesas shown in Fig. 10. All
stages operate simultaneously, with every stage performing 128
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Fig. 10. Pipelined FFT architecture.

(V,/2) radix-2 FFT butterfly operations per block of data. Uninverse FFT’s concurrently. The forward and inverse DFT equa-
like other common implementations, this implementation ha®ns for a block ofV, samples

hardware dedicated to performing the radix-2 butterfly compu-

tation and the data shuffling for each stage.

The input to the FFT core is a stream of complex num- N1
bers, represented in fixed-point notation using 12 bits. The c —jZmnk
: X _ X[k = Ny F d DFT 6
FFT core uses an oversized internal word length of 20 bits [£] nz_:o zlnle onwar ©)
(input word sizet-log,(N,,)). This provides sufficient dynamic - Ny—1

range to allow for the growth of coherent signals (interference 2] = <L> Z X[k]e%:nk Inverse DFT  (7)
sources) through the FFT at a rate of one bit per stage without N,
sacrificing numerical precision. We considered a traditional
floating-point and a convergent block floating-point reprediffer only by a scale factor and a change of sign in the ex-
sentation, as described in [7]. Both of these representatiopenent of the complex coefficients—also calldights The
for a given number of bits of numerical representation, tradealing is easy to implement by shifting the output of the inverse
off precision for increased dynamic range. Neither of the$&T to the right and rounding accordingly. Since the weights
floating-point representations was appropriate for GPS applidar the forward and inverse FFT's are computegriori and
tions, since a loss of precision corresponds to an unacceptaditaed in on-chip ROM’s, the change of exponent in the weights
degradation of the SNR. The improved precision accuracy cdn be accommodated easily by accessing a different section of
an oversized internal word length is necessary and prevetite ROM'’s. To process data continuously, independently of the
us from taking advantage of the potential hardware saving&T direction, and without the need to reset or flush the stage
obtained by using a floating-point representation with a smallpipeline, we propagate control signals from one stage to the next
number of bits. along with the data. This allows a stage to process a transform
In order to multiplex the four FFT operations, we have deén one direction on a data block while an adjacent stage can per-
signed an FFT core that can continuously process forwardform a transform in the other direction.

n=0
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Let us assume that the data entering the FFT are in natural
(time-sequential) order

2[0], z[1], z[2], z[3], z[4], z[3], [6], 2[7], =[8], =[9], - - -

where the samples[0]—z[7] constitute the first block of data.
We will usez’[n] to denote the output of the first stage’[n]

for the output of the second stage, akifh] for the output of the
third stage (the final output of the FFT). The first block of data
will be written to the memory in the first stage in natural order
(e.g.,z[0] will be written to memory location Q;[1] to memory
locationl, . .., z[7] tolocation 7). The flowgraph shows that the
butterfly processor in the first stage should compute

Fig. 12. Eight-point FFT flowgraph. x/[()] — (x[()] + x[4])
a'[4] = («[0] — =[4]) Wy
C. FFT Components .’IZ'/[].] _ (.’L’[l] +$[5])
As described above, the FFT core consisiegf(V, ) stages 2'[5] = (x[1] — z[5]) Wi
operating simultaneously. Each stage includes a random-access ,
memory (RAM), an address generator, a read-only memory (2] = («[2] + =[6])
(ROM), a computational engine (butterfly processor), a 2'[6] = (x[2] — z[6])W§
random-number generator (provides for unbiased rounding), #'[3] = (z[3] + z[7])
and multiplexors to facilitate testing as shown in Fig. 11. 2'[7] = (z[3] — 2[T)W2

The FFT architecture uses a dual-port RAM, a controller, and
an address generator to shuffle data from stage to stage “%i)?ﬂereWN = ¢=9(27/N)_Note that the input valuesin] needed
a read-modify-write sequence. To reduce_the memory requitg-compute the results of the first stagén] are spacedv,, /2
ments, we took advantage of the fact that in an FFT, each Vag’eﬁ'nples apart (e.g., points 0 ahg/2, 1 andN,/2 + 1,...).
that enters a particular stage is used only once by its buttef{jjerefore, the stage controller must generate a new sequence
processor. When a value is read from the memory at a parfig-addresses when the first stage is processing the first block of
ular stage, a memory location becomes available to store fig, [0]—[7]). The situation complicates even further due to
result from the previous stage. On the first half of every clogke tact that, while the first stage processes the first block, the
cycle, the stage controller reads two complex values from tgcong block of data is entering the FFT. The controller must
memory, leaving two locations free. The butterfly performs &g the incoming samples in the locations that are free. As a
two-point DFT on those two values and passes the results it the second block of data will not be stored in the same
the next stage for further buffering, reordering, and processingqer as the first block of data. After the last pair of values of the
On the second half of the clock cycle, a new pair of compleis; plock of data is processed, the memory will contain all the

values—the results of the two-point DFT from the precedingy,es for the second block of datel§] to [15] for the case of
stage—are written into the two locations that were freed during, eight-point FFT) stored as follows:

the read cycle.
N, N, N,
D. Address Generation ,7p,1,7p+17277p+27---7i7
For simplicity, we will use the case of an eight-point FFT to )
illustrate the address generation. Refer to Fig. 12 for a flowgrafir 0 < ¢ < A—QP An example using the eight-point FFT is listed
of the decimation-in-frequency decomposition of an eight-poiit Table 1. When the last point of the second block is stored, the
FFT. controller must start generating another sequence of addresses

N, . N,
7p+z,...,?p—1,Np—1
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TABLE | TABLE 1l
STORAGE OFDATA POINTS IN THE FIRST STAGE FOR THREE CONSECUTIVE PERMUTATIONS OF ADDRESSGENERATOR SEQUENCES FOR THEFIRST STAGE
BLOCKS OF AN EIGHT-POINT FFT OF AN EIGHT-POINT FFT
Memory First Second Third First Second Third
Location Block Block Block Permutation | Permutation Permutation
0 x[0] x[8] x[16] DEC | BIN | DEC | BIN | DEC | BIN
1 x[1] x[10] x[20] 0o Jow]| o 000 0 000
2 x[2] x[12] x[17] 1 001 4 100 2 010
3 x[3] x[14] x[21] 2 010 | 1 001 4 100
4 x[4] x[9] x[18] 3 ol
5 (5] 11 x[22] > 1ol 6 1 110
3 x[6] x[13] x[19] 4 100 2 010 1 001
7 x[7] x[15] x[23] 5 101 6 110 3 011
6 110 3 011 5 101
7 111 7 111 7 111
to start processing the second block and storing the values for
the third block using the pattern Block
Counter
N, N, N, N, N, N, N,
O,TP,TP,TP—FTP,].,].—FTp,2,2+7p,3+7p,..., 010|092(Np)-1
3N,
=2 _1,N, -1
1 , Vp Base Counter Address
0to N1

This pattern is similar to the one used previously, with the ad-

dress bits rotated to the right by one. As expected, the third blogl. 13. Address generator circuit for the first stage.

of data will also be stored out of order, using a different se-

quence. To retrieve the third block, the address generator neexigmple. To compute’’[n], the results of the second stage, the
to provide a sequence similar to the previous one, with the dalstterfly must calculate

dress bits rotated to the right by one more position. In general, 2'[0] = («'[0] + 2'[2])
the stage controller will continue to rotate the base address by ” , , 0
e " o 2"[2] = (2'[0] — 2'[2])W,
one additional position every time it sees a block boundary. The Y , , 8
pattern continues until the bits have been rotéted(N,) — 1 a[1] = (="[1] + 2"[3])
times, since rotating bjog,(V,,) is equivalent to no rotation 2"[3] = (2'[1] — 2'[3]) W2
at all. Refer to Table Il for a list of the sequences needed to 2"[4] = («'[4] + 2'[6])
store, shuffle, and retrieve the data in the correct order for an i , , 0
eight-point FFT. 2"[6] = (2'[4] — 2'[6]) Wy
The address permutations can be generated with a circuit that 2"'[5] = (#'[5] + 2'[7])
counts from zero tdV,, — 1, followed by a circuit that performs [7] = (2'[5] — 2'[T)) W2

a circular rotation of the counter output bits as a function §jgie that the samples of[n] must be supplied as pairs of num-
the block number. For the first block, no rotation is needed. Fggg spacedV,, /4 apart. To retrieve these values from memory
the second block, the bits should be rotated to the right by ofpgthe proper order for the butterfly, the stage controller must
bit. As the block number increases, the output of the couniggnerate the sequence of addresses listed in Table IV. For the
should be rotated by an additional bit, until the number of bitgjrg plock, the controller needs to generate addresses in natural
to rotate equals the total number of bits in the address (whichyigjer again, repeating the cycle.
equivalent to no rotation). Refer to Fig. 13 for a block diagram. yye implemented the address generator with a simple cir-
The address generation for the subsequent stages is differgfi that consists of a modul®;, counter and a selector that
When the first block of data enters the second stage, it is 8®aps the MSB and the LSB of the address when storing odd-
longer in natural order, due to the shuffling that occurs in the,mpered blocks and processing even-numbered blocks. A con-
first stage. Instead, the data arrive according to the sequepgBtual block diagram of the circuit is shown in Fig. 14. The
generated by the address generator in the first stage two permutationsNormalandReversejare listed in Table IV.
Tracking the first data blocks through any of the subsequent

N, N, N, N, N, ;
0, ?p, 1, ?”Jrl, 2, 7”+2, et ?p—i—i, ey ?p—l, N,—1 stages reveals that the address generation for all stages except

the first one are identical.

for 0 < ¢ < N, /2. For an eight-point FFT, the sequence is .
SN/ gntp a E. Memory Requirements and Latency

Z'[0], 2'[4], 2'[1], 2’ [5], #’[2], 2’ [6], 2" [3]. 2’ [7]- Based on the data shuffle and address generator circuits de-
scribed previously, the first butterfly cannot start processing until
The values are stored in memory in the same sequence thieysample:[N,,—1]is stored. Forthisreason, thefirststage needs
enter the stage. Refer to Table Il for a list of the values artd buffer a complete block{,, samples). The total memory re-
the locations in which they are stored for the eight-point FFquirement for the first stage of our 256-point FFT is 256 words
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TABLE Il TABLE IV
STORAGE OFDATA POINTS IN THE SECOND STAGE FOR THREE CONSECUTIVE PERMUTATIONS OF ADDRESSGENERATOR SEQUENCES FORSUBSEQUENT
BLOCKS OF AN EIGHT-POINT FFT STAGES OF ANEIGHT-POINT FFT
Memory First Second Third Normal Reversed
Location Block Block Block Permutation Permutation
0 x'[0] x'[8] x'[16] DEC | BIN | DEC | BIN
1 x'[4] x'[10] x'[20] 0 000 0 000
2 x[1] x'[9] x'[17] 1 001 4 100
3 x'[5] x'[11] x'[21] 2 010 2 010
4 x'[2] x'[12] x'[18] 3 011 6 110
5 x'[6] x'[14] x'[22] 4 100 1 001
6 x'[3] x'[13] x'[19] 5 101 5 101
7 x'[7] x'[15] x'[23] 6 110 3 011
7 111 7 111
by 40 bits (20 for the real and 20 for the imaginary part). For the
secondstage, the butterfly cannot start processing untilthe sample Block
2! [11—1’] is received. Since the data does not arrive in natural order, Counter
this sample is not received uniil, /2 samples are stored. Based Odd/Even
on the circuit described previously, this stage must wait until a l
complete block ¥, samples) is received, making the memory Base Counter Swap
) L . . . . . > — agdress
requirements similar to the first stage. The situation simplifies 010 Nyt MSB & LSB

starting at the third stage. The butterfly needs the samﬁl%]
to start processing. This point arrives as point numN@y4, Fig. 14. Address generator circuit for the first stage.
which allows the butterfly to start processing aftéy/2 samples
have been received. The memory requirement for the third stage
is N,/2 instead ofN,,. Similarly, the requirements are reduced
by one-half at every subsequent stage.

F. N-Sigma Excisor

The N-sigma excisor calculates the statistics, méag,.)
and variancéo? , ), for each FFT block. The statistics are used
to compute the threshold as described in Section Ill. In order to
generate the block statistics, the excisor calculates the magni-
tude in decibels for each complex FFT outpt; log(| X (k)|).
A logarithmic scale is used to minimize the distortion of the
spectrum statistics for the combined GPS signal and thermal
noises(n) in the presence of interference and to reduce the nu-
merical precision required to represéhX (k)|) for the subse-
quent computation of the block statistics. To simplify the hard-
ware implementation, several approximations are used for the
calculation of10 - log(| X (k)|) and the statistics. The reduced-ig. 15. Die microphotograph of the FDIS IC.
accuracy Yielded by these approximations proved suitable for
identifying CW tone interferers from the combined GPS signal The statistics

E

R e o

e ey
Fspeppgas Berropsmparore et

and thermal noise. Ny—1

The magnitude is approximated as follows: fleate = Z (10 - log(|X (K)])) (10a)

max(Re X (k),Im X (k)) k=0 Np
| X (k)| ~ n min(Re X (k),Im X(k)) | - (8) N1
4 P

The above approximation has a 0.6% accuracy on average with 1 Z (10 -log(| X (K))))*
a maximum error of 11.6% atr /4,37 /4,57 /4,7 /4). The  ooe = — | *=° ) ,| (10b)
second approximation for logarithmic scale conversion is sim- Np Ay i
plified by noting that the logarithm calculation _Fp kz% (10 - log(|-X (K)[))

10 - log; o (| X (F)[) = 10 - log10(2) - log2(|X(K)])  (9)  are computed for each FFT block. Based on the above equations,
can be reduced t&3 -log, (| X (k)|). The magnitude calculation the hardware accumulates i, samples th&0 - log(|.X (k)|)
is implemented using simple shift and add operators insteadafd the(10 - log(| X (k)|))2. At the end of the block processing,
area intensive multipliers and square root operations. The logjfae accumulated values are used to generate theando?

calc*

rithmic approximation has a 0.5% error on average with a mat this point, the standard deviatiofig,1. = /2., ., is com-

calc?

imum error of 2.9%. puted to generate the final input for the threshold equation (5).
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Since, the square root is computationally and area intensive, afg] F.Harris, “On the use of windows for harmonic analysis with the discrete
approximation is applied. The calculation for the square root of _ Fourier transform,Proc. IEEE vol. 66, pp. 51-83, Jan. 1978.

anv nonneaative valuecan be simplified by definina — .- 2° [4] J. Young, “Analysis of DFT-based frequency excision algorithms
y g Ug p y g=a for direct-sequence spread-spectrum communicatiofsEE Trans.

for 1 < a < 2 andb an integer. The calculation then becomes Commun.vol. 46, pp. 1076-1087, Aug. 1998.
b/2 [5] B.W.Parkinson and J.J. Spilké&jobal Positioning System: Theory and
Vi =+Va-2 /2.4/2, forbodd (11) Applications Volume.l Washington, DC: American Institute of Aero-
b/2 nautics and Astronautics, 1996.
Vy=+va-2 / , forbeven (12) [6] L. R. Rabiner and B. GoldTheory and Application of Digital Signal

. . . . Processing Englewood Cliffs, NJ: Prentice-Hall, 1975.
where,/a can be calculated using a linear approximation of the (7] . Bidet, D. Castelain, C. Joanblang, and P. Senn, “A fast single-chip
square root fol < a < 2. The maximum resultant error for implementation of 8192 complex point FFTEEE J. Solid-State Cir-
this approximation is 1.3%. cuits vol. 30, pp. 300-305, Mar. 1995.

.. . . . [8] P. T. Capozza, B. J. Holland, T. M. Hopkinson, D. Moulin, and M.
The calculated standard deviation is compared with four in-"" sojomon, “A test facility for evaluating GPS anti-am techniques,” in

ternally stored constants to select the scale fastfnrom one of Proc. 1999 National Tech. Meeting and 19th Biennial Guidance Test
A iati Symp, San Diego, CA, Jan. 25-27, 1999, pp. 605-613.

five internally stored values. Both the standard deviationsind [9] P.T. Capozza, B. J. Holland, T. M. Hopkinson, C. Li. D. Moulin, P.
values are user programmable. The seleéfeid then used to Pacheco, and R. Rifkin, “Measured effects of a narrowband interference

calculate the excision threshold using (5). Control logic in the  suppressor on GPS receivers,'58th Annu. MeetingCambridge, MA,
excisor block synchronizes the calculation and comparison of ~ June 25-27, 1999, pp. 645-651.

the threshold to the storel (k) values in memory. Instead of
storing10 - log(| X (k)|) in addition to theX (k) values for each
complex point, the magnitude is recalculated and compared to
the threshold. The tradeoff of memory size versus arithmetis
processing in this case proved to be a clear area savings. If
cision is turned on (note that the excision operation can be ¢
abled/disabled by the user) and the recalculated magnitude d
not exceed the threshold, tB&k) values are passed to the in-
verse FFT; otherwise, th& (k) values are set to zero before
being passed to the inverse FFT.
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The FDIS IC (Fig. 15) was fully tested in June 1997. The
IC was fabricated in a 0.5-CMOS triple-metal process. The
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