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ABSTRACT

Due to its adyantages in multiple access, interference rejection, multipath mitigation, and access
sccurity,' the direct-sequence spread spectrum (DS-SS) become very popular in mobile communication.
For code acquisition of DS-SS signals, matched filters are the key components. This paper presents the
design, implementation, and testing of a mixed signal matched filter. The proposed filter uses simple
current mirrors to reduce the complexity of the crucial summation circuitry. The circuit is small in size
and regular in structure; hence, one can cascade several to produce a filter of longer length. A 128-tap
test chip has been implemented in a 2.5 mm?® core by means of 0.8 um SPDM digital CMOS technology.
The DC and AC measurements confirm the feasibility of the design.
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l. Introduction

Code division multiple access (CDMA) is a
modulation and multiple-access scheme based on spread-
spectrum (SS) communication. The direct sequence
spread-spectrum (DS-SS) modulates carriers by means
of pseudorandom noise (PN) codes directly to spread
the spectrum of the waveform (Pickholtz et al., 1982;
MaGill et al., 1994). DS-SS provides an efficient
means of multiple access, interference rejection,
multipath mitigation, and access security. Hence, it
has become popular in mobile communications. Promi-
nent examples include the Global Positioning System
(GPS), 1S-95 personal communication system, and many
satellite mobile phone systems, such as Globalstar by
Loral/Qualcomm and Odyssey by TRW (MaGill et al.,
1994; Hinderling et al., 1993).

For acquisition of DS-SS signals, matched filters
are the key components. Matched filters compare the
similarity between the receiving signal and the local
PN code to indicate acquisition of the code. Since
DS-SS signals are digital in nature, digital matched
filters (DMF) provide a straightforward approach to
obtaining correlation in code acquisition processors
(Rappaport and Grieco, 19&4; Hinderling et al., 1993;
Rose and Koether, 1990). They perform chip-by-chip
coherent integration over all or part of the signal
duration.

For rapid acquisition, parallel matched filters are

often used (Pickholtz et al., 1982; Rappaport and Grieco,
1984). A typical parallel digital matched filter (DMF)
is shown in Fig. 1. A digital DMF is composed of
two tapped delay lines, one for received data and another
for local PN code, an array of multipliers for chip-
by-chip correlation, and summation circuitry for in-
tegration. The tap length is chosen according to the
system performance requirements (Pickholtz et al.,
1982; Polydoros and Weber, 1984). The longer the tap
length is, the higher is the processing gain, the lower
is the SNR, and the shorter is the acquisition time.
However, increasing in tap length also increases the
size and decreases the performance of the circuit. Here,
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Fig. 1. Digital matched filter architecture.
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area overhead and power consumption are two major
considerations for mobile phones.

In this paper, we propose a mixed analog digital
matched filter structure. The tapped delay lines and
multipliers are implemented as digital circuits and the
summation circuit as an array of simple digital to analog
converters (DAC). The DACs convert the correlation
resuits into analog currents to simplify the summation
circuitry. In the following sections, we will describe
the fundamental elements of DS-SS and matched filters
in Section II, present the design and implementation
of the circuit in Section III, give the measurement
results of the chips in Section IV, and draw conclusions
in Section V.

Il. The Fundamentals of DS-SS and
Matched Filters

1. Direct-Sequence Spread Spectrum System

In order to understand the functionality and per-
formance requirements of the digital matched filter
better, in this section, we will explain the basics of the
DS-SS communication system. The spreading and
despreading process differentiates DS-SS from con-
ventional communication techniques. Figure 2 shows
the spreading and despreading of the I1S-95 DS-SS
CDMA system (Hinderling et al., 1993).

As Fig. 2 shows, each CDMA signal consists of
a different PN code that modulates the carrier in order
to spread the spectrum of the waveform. After the
spreading process, narrow band user data is spread into
a wideband SS signal. Different from time-division
multiple access (TDMA) and frequency-division mul-
tiple access (FDMA), CDMA transmits multiple sig-
nals in the same frequency band at the same time. The
desired signal is separated and retrieved through use
of a correlator that accepts only the signal energy from
the selected PN code. The signals from other users are
treated as noise because their codes cannot be

despreaded. The mathematical equations which rep-
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Fig. 2. A system overview of the direct sequence spread spectrum.
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Fig. 3. Autocorrelation of a PN code.

resent the above concept are derived as follows.

Suppose that the data of the ith user is denoted
as d,(#) and its PN code as ¢,(¢). The transmitted signal
of the ith user is

s()=d,(t)sci(1). 1)

Since multiple users transmit in the same fre-
quency band at the same time, the overall signal trans-
mitted and received in a multiuser environment is

s(t):jg 40+ c0). @

At the receiving end, the received signal is despread
by correlating it with the original spread signal c,(¢):

r,@)=s)ec;(t) =]§1 dj(t) ccit)ec,(). 3)

Since the PN codes being used are equiprobable and
equienergy orthogonal signals, they satisfy the follow-
ing cross correlation property:

T . .
ce)=0, =) 1 =]
fo e+ ¢0)=3, { 0 i @)

Therefore, the result of this despreading process is

ri{)=d(1). ()

Such an ideal situation happens only when the local
PN code is in perfect synchronization with the trans-
mitting one. Otherwise, the despreaded signal r,(r) will
be smaller. The amplitude is determined by the time
offset 7. Here, 7 is the timing difference between the
local PN code and the transmitting PN code. The
relationship is described as the autocorrelation of the
PN code c¢(#), shown in Fig. 3. The major consequence
of the offset is a decrease of signal-to-noise ratio
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(SNR).

If the local PN code is off by more than one chip
time, the incoming signal will be no different from
noise. In order to obtain synchronization, a DS-SS
receiver often does it in two steps, code acquisition
and code tracking. Code acquisition is employed to
achieve coarse synchronization within one chip period,
and code tracking is employed to fine tune the syn-
chronization and maintain accurate timing thereafter.
The key component in code acquisition is a matched
filter, which performs chip-by-chip correlation of the
local code and the received signal. In the discrete
time domain, the correlation being performed is de-
fined as

n

r,(t):k > y sty c (k). (6)

If the correlation result in Eq. (6) is greater than a
predefined threshold value, then coarse synchroniza-
tion is achieved. The synchronization is within a chip
time, as Fig. 3 shows. The synchronization task is then
handed over to a code tracking loop for further fine
tuning. The crucial operation for hardware implemen-
tation of Eq. (6) is the summation function.

2. Matched Filter

Matched filters are divided into two classes,
serial and parallel, according to the way in which
correlation is performed. Serial matched filters per-
form correlation one chip at a time and use an integrator
(accumulator) to obtain M-chip cross correlation over
M chip time. Parallel matched filters perform M chip
correlation simultaneously and use summation circuitry
to obtain the M-chip cross correlation at every chip
time. As one can see, serial matched filters have the
advantages of low hardware complexity and flexible
adjustment. By this we mean that the integration period
can be changed easily. However, the acquisition time
can be very long due to the serial property. On the
other hand, parallel matched filters are much faster in
terms of acquisition (Pickholtz er-al., 1982; Rappaport
and Grieco, 1984; Rose and Koether, 1990). However,
the hardware overhead can be excessive.

A parallel digital matched filter is required to
calculate one sample of M-chip cross correlation in one
chip time. The summation circuit is the critical module.
The summation circuit can be implemented as an adder
tree, systolic array, or bank-of-correlators (MaGill and
Edwards, 1990; Kung, 1988). For a matched filter of
very long tap length, hardware complexity and perfor-
mance degradation become significant design chal-
lenges.

The design requirements for a matched filter of
very long tap length are as follows. First, it must be
regular in structure to minimize layout complexity.
The ideal case is to implement it as an iterative array
of identical cells such that one can cascade the same
cells into a filter of longer length. Here, systolic arrays’
satisfy, but adder trees fall short in this category. Second,
the cell structure must remain the same regardless of
the tap length. Here, most digital designs must increase
the bit number to avoid the overflow problem in the
summation circuit if the tap length is increased. As
a result, the cells must be altered accordingly. A simple
guideline is to increase the bit number by one whenever
the tap length is doubled. For example, for a 16-tap
matched filter with 4-bit input data, the data width is
4 bits for the first stage, 5 bits for the second stage,
6 bits for stages 3 and 4, 7 bits for stages 5 to 8, and
8 bits for stages 9 to 16. Third, the circuit must be
low in terms of power consumption in order for it to
be used in a handset. Here, some low power design
techniques must be used. In the next section, we will
present our solution for meeting the above require-
ments.

lll. Matched Filter Design and Imple-
mentation

1. Architecture Design

The proposed mixed analog digital matched filter
is shown in Fig. 4. Here, we use digital to analog
converters (DACs) to replace the summation circuit
shown in Fig. 1. They convert digital correlation
results into analog currents. As a result, we can use
a“single wire to sum up the correlation results. The
important issue here is the design of the DACs. Their
complexity determines their feasibility. Before we
discuss the DACs, let us study the data format first.
The inputs to the matched filter include local PN code
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Fig. 4. Mixed signal matched filter architecture.
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(PN) and the received data (S, D,, Dy, Dy) in signed
magnitude representation. Signed magnitude represen-
tation is used to simplify the correlation circuits. If
the data is (1011), it is regarded -3 while (0011) is
regarded +3. Note that an input bit length of 4 is
selected according to the results obtained by Chen
(1996). Here, 4-bit quantization is sufficient for code
acquisition of IS-95 DS-SS signals using a 128-tap
matched filter under an SNR of -17 dB.

2. Digital to Analog Converter

Since the application domain requires very long
tap length, the DACs must be as simple as possible.
Here, we propose use of simple current mirrors to
convert digital signals into analog currents. Figure 5
shows the simple DAC implemented using current mir-
rors. The left three transistors produce the constant
biasing voltages for the current mirrors on the right.
They are shared by all the stages. The top and bottom
three transistors are current mirrors, which produce
positive and negative output currents in a power of 2.
Transistors are sized in such a way that Ig=1;,=1,,;,
IH2=IL2=2Iunitv and IH4=IL4=4Iunit' Here, Iunit is the unit
current. [,,;is controlled by the biasing voltage, V4.
The central six transistors controlled by H; and L; are
switching transistors. When H; is 0, it produces an
output current of ix/,,;. When L; is 1, it produces an
output current of —ixI,,;;. The final output current /,,,
is

L=l i} (4XH , —4X L4+ 2XH , =2XLy+H | —Ly). (7)
3. Correlator Design

In order to switch the currents, the correlator must

vbD ! 6/3 |J113/3 h 22.2/3
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Fig. 5. Current mirrors as DAC.

Table 1. Correlation Circuit Truth Table

PN S H; L;

0 0 1 D;

0 1 D; 0

1 0 D, 0

1 1 1 D;
S D2 D2 DI DI DO DO
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Fig. 6. Correlator circuit diagram.

produce six signals (Hy, Hy, Hy, Ly, Ly, Ly) with the
following function:

H; = (PN ® S)D, (8)
L,=PN®S)D, . 9

If PN and the data are of the same sign, PN is 1(0) and
S is 0(1), and the correlation result is positive. Now,
we must turn off all the N switches and turn on the
P switches according to D;s. Since a P switch is turned
on by a 0, H; is equal to D; . Similarly, when PN and
the data have different signs, PN is 1(0) and S is 1(0).
In this case, the H; s must all be 1s to turn off P switches,
and L; is equal to D;. The truth table of the correlator
is shown in Table 1.

The extra control line, Ctrl, in Fig. 6 controls the
conduction angles of the current mirrors. It serves two
special purposes. First, it can be used as an automatic
gain control (AGC) ADC, which is desirable in wireless
communication. Second, it can be used to control the
average current and power consumption. The proposed
design uses only 12 transistors per stage, which is
negligible as compared to the 10-bit adder used in the
all-digital design. Now that we have presented the
design, in the next section, we will present the chip
implementation and post layout simulation results.
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Fig. 7. Chip layout.

Table 2. Chip Summary

Chip Area 2.6x2.7 mm?®
Core Area 1.5x1.65 mm?
Transistor Count 17191 b
Pin Count 48

Total Tap Length 128

Data Bit Width 4 bits

PN Code Bit Width 1 bit

Power Supply 2V
Measured Power Consumption 5.6 mW (chip)
Specification Chip Rate 1.2288 Mcps
Maximal Chip Rate Tested 10 Mcps

4. Chip Layout

The chip is implemented by means of TSMC 0.8
pm SPDM digital CMOS technology using the Cadence
OPUS system. Figure 7 shows the layout of the whole
chip. It consists of eight banks of 16-stage matched
filters. These matched filters are configured as three
matched filters, one 64-tap filter and two 32-tap filters.
The core with a total of 128 taps occupies an area of
1.5 mm by 1.65 mm. The chip summary is given in
Table 2.

5. Post Layout Simulation
A
After obtaining the layout, we extract the circuit-
level SPICE parameter using the Dracula parameter
extraction program to run a post layout simulation.
From the post layout simulation, we are able to deter-

mine the performance of the circuit and verify the
design and layout more accurately.

As mentioned earlier, V,;,, is chosen to obtain a
compromise between the linearity of current mirroring
and power consumption. After obtaining the layout,
we extract the circuit parameters and parasitics and use
HSPICE to do the post layout simulation. Figure 8
shows the HSPICE simulation of Iy; and I, as a function
of V,i.s. As one can see, we have an acceptable linear
region for V;,, between 1.6 V and 1.8 V. Therefore,
Vs 18 selected as 1.7 V. Under a V,,, of 1.7V, Iy
and I;; are both 600 nA.

For this circuit, the output voltage varies depend-
ing on the output current because the sink is unlikely
to have a load resistance of 0 Q. It is clear that the
output offset voltage will affect the current mirroring
effects. Figure 9 shows the HSPICE simulation of
Iy; s and Ip, s as a function of Vg, when Vi is 1.7
V. For V,g.: changes from 0.2 V to 1.7 V, the output
currents remain constant. Our measurement of the
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Table 3. Measured Output Current in gA with Individual V.,

( 1 GSa/s Scope A J ( Channel

] ( AutoscaleJ (Camm ( Run J

Adjustment m [5(\)/(§D:VJ B{(s)etv] [ [Pr?g:el J [1(13\25;%%] [ lgeszilj
Case# Vo Im  Im  Im I Lo I Usroms J (o) ([ Ovmom | (mme | R 0w )
1 172V 0576 1.224 2.612 0.700 1.464 3.024 AL :
2 174V 0.576 1.212 2.600 0.723 1.564 3.136 i
3 175V 0.564 1.236 2.636 0.636 1.332 2.764
4 176V 0.564 1.224 2.600 0.712 1.512 3.088
5 178V 0.576 1.224 2.600 0.724 1.576 3.224
6 178V 0.576 1.236 2.576 0.636 1.400 2.888
7 1.78V 0576 1.224 2.600 0.700 1.536 3.124
8 179V 0576 1.212 2.588 0.724 1.548 3.152

fabricated chips does show this property. This is quite
a wide linear region for a 2 V power supply.

IV. Measurement and Test Results

1. DC Measurement

After fabrication was completed, the measure-
ment results of eight out of ten sample chips were as
follows. For a V., of 1.7 V, I;;; ranged from 0.288
UA to 0.48 pA and I, from 0.348 pA to 0.56 gA under
a Vpias of 1.7 V. As expected, the output current
remained unchanged for a V., 0f 0.2 Vto 1.7 V. Note
that the chip was implemented using a digital process;
hence, such variation is acceptable. If we adjusted Vj;,;
individually, the output currents were much more stable.
Table 3 shows the DC measurements of the eight chips
with V,,,, adjusted individually to have the same Ip,.
As one can see, very consistent results were obtained
after the individual adjustment. Note that, since the
current was too small to measure, the results are the
average of 32 stages.

The measured results suggest that further fine
tuning is required. First, there is a nonlinearity prob-
lem; Iy, and 54 are not exactly two and four times Iy;.
Second, there is a mismatch problem; /g is not equal
to Ir;. The first problem can be corrected through
transistor sizing and the second by controlling the
biasing voltages of the P and N mirrors individually.
Otherwise, one can build an OP inside to control the
current automatically. The above measurements were
static measurements. In the following, we will present
the dynamic measurements.

2. Dynamic Linearity Measurement

As shown in Fig. 10, we activated and disabled
one tap at a time to create a triangular waveform to
show the linearity of the current mirrors. The PN code
was given a constant of all 1’s. The data tap delay line
was reset to O initially. Then, 32 chips of 1s were

Fig. 10. Test result-linearity test (£1).

( 1 GSa/s Scope A ] ( Channel J ( Autoscale J ( Cancel] ( Run J
Input V/Dwv Offset Probe Coupling Preset
Al 400 mV 0V 10:1 IMQ/DC User
Delay Display Sample | Data acquired at. 2 00 us
1.00 ms 0 s Options Period Next acquisition 2 00 us
R oSS A=
Al

Fig. 11. Test result-32-tap matched filter.

shifted in, followed by 32 chips of 1s, to create a
triangular waveform. Figure 10 shows the results when
+1s were shifted. As one can see, the upper and lower
halves are not symmetric, as discussed earlier, while
the linearity are preserved quite well in separate re-
gions.

3. Dynamic Random Data Measurement

We tested the filters using random data. We kept
a PN code in the PN tap delay line. Then, we shifted
a series of random data which contained the local PN
code through the data tapped delay line. Figure 11
shows the output signal of a 32-tap matched filter. It
is very close to the simulation results obtained using
SPW. As stated earlier, one can cascade several matched
filter into one of longer length. Figure 12 shows a
diagram in which four 32-tap matched filters are cas-
caded to make one with 128 taps. We simply connect
their data and PN tapped delay lines in serial and tie
their current output lines together. Figure 13 shows
the measurement results obtained by a 128-tap filter.
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L
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Fig. 12. Architecture of 128-tap MF-cascade of four 32-tap MF.
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Fig. 13. Test result-128-tap matched fiiter (4x32-tap).

As expected, the signal to noise ration (SNR) increased
when the tap length increased. Note that their vertical
axes are in different scales. It is 400 mV per division
for the 32-tap case and 1.5 V for the 128-tap case. With
this example, we have shown how flexible our archi-
tecture is and how easy it can be reconfigured and
expanded.

4. Multi-User Measurement

Furthermore, we tested the matched filter with
multiple users. Figure 14 shows the test results for 4
equiprobable and equienergy users. This situation
matches the situation of I1S-95, where the pilot channel
occupies one fourth of the transmitting power. As one
can see, we still obtain enough SNR for code acquisition
in this case.

V. Conclusions

In this paper, we have proposed a mixed signal
matched filter for code acquisition in direct sequence
spread spectrum systems. We use simple analog cur-
rent mirrors to replace digital summation circuitry. As
a result, the circuit complexity is reduced significantly.
To show the feasibility of the design, we have imple-
mented a 128-tap matched filter in 2.48 mm?® using 0.8

( 1 GSa/s Scope A ] ( Channel ) ( AutoscaleJ (Cancel) ( Run j
Input ViDwv Offset Probe Coupling Preset
Al 400 mV 0OV 10:1 1IMQ/DC User
Data acquired at: 10 0 us

s/Dv Delay Display Sample
500 ms 0s Options Period Next acquisition: 10 0 us

Fig. 14. Test result-128-tap matched filter (4 users).

pum SPDM digital CMOS technology. The chip has
been tested thoroughly. All the measurements, DC,
dynamic linearity, random data, and muiti-user data,
validate the design. The design is regular, flexible,
small in size, and low in power consumption. Multiple
matched filters can be cascaded to make a filter longer
in length. These features make it especially suitable
for implementing matched filters of very long tap length.
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