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Abstract

A simple means for characterizing the multipath tolerance of a system design is the specular-multipath test. While
the possihilities for multipath profiles are of infinite dimension, this simple test “probes’ the multipath robustness
of the design with a multipath profile of managable complexity. The channel impulse response is considered to
comprise aline-of-sight path and a single specular reflection trailing at a delay equal to an integer number of chip
durations T.. The test consists of indicating the probability of symbol error P, vs. relative (to the LOS signal)
strength of a specular multipath signal for various delays; the phase of the multipath is uniformly distributed
relative to the LOS signal. The test presented herein sets the noise to zero. More generally, the effect of the
multipath can be assessed by considering the curves of probability of symbol error Ps vs. Es/Ng for various cases of
multipath delay and amplitude. The specular multipath test is used herein to examine the multipath performance
of 8-bit spreading codes in a coherent, dual 8-ary Bi-Orthogonal system, and 16-bit spreading codesin a non-
coherent 16-ary Bi-Orthogonal system. We compute the performance for the first side-lobe position, since that is
the most likely position for a strong specular; however, other near-in side-lobe positions are expected to exhibit
similar results. Of significance is that the use of 16-bit codes operates in the absence of noise right up to equal-
strength paths, while using 8-bit codes incurs a“gap” in operation for close relative amplitudes of the multipath
signals.

Submission page 1 John H. Cafarella, MICRILOR, Inc.



November 1997 Doc: IEEE P802.11-97/120

Specular Multipath Test for 8- and 16-Bit Codes

Specular Multipath Test

The channel impulse response is considered to comprise a line-of-sight path and a single specular reflection
trailing at adelay equal to an integer number of chip durations T..! Thetest consists of indicating the probability
of symbol error P vs. relative (to the LOS signal) strength of a specular multipath signal for various delays; the
phase of the multipath is uniformly distributed relative to the LOS signal. The test presented herein sets the noise
to zero. More generally, the effect of the multipath can be assessed by considering the curves of probability of
symbol error P« vs. Es/Ng for various cases of multipath delay and amplitude.

Formulation for BiOrthogonal Signaling

We consider a modulation in which the data dictates symbol-by-symbol: &) the selection of 1 of M Walsh functions
chip-wise XORed with a PN code; and b) selection of the overall carrier polarity. Such a modulation was first
developed by MICRILOR using 16 chips per symbol with noncoherent demodulation, and more recently by Harris
using 8 chips per symbol and coherent demodulation with independent data on each carrier phase.

Noncoherent Reception

At the receiver the received symbol waveform is converted to complex baseband (1& Q) components, then these are
correlated against the M possible waveforms which could have been transmitted. The magnitudes of the M
complex correlator outputs are compared, and the largest is selected as the (maximum-likelihood) estimate of
which waveform was actually transmitted; this conveyslog,M bits of information. Subsequently, the current
largest-magnitude complex output is compared to the previous to provide an additional bit of (DPSK) data.

Coherent Reception

At the receiver the received symbol waveform is converted to complex baseband (1& Q) components, then these are
correlated against the M possible waveforms which could have been transmitted. 1n each baseband channel, the
magnitudes of the M complex correlator outputs are compared, and the largest is selected as the (maximum-
likelihood) estimate of which waveform was actually transmitted; this conveyslog,M bits of information. The
polarity of the largest-magnitude output provides an additional bit of (PSK) data.

! The selection of integer multiples of the chip duration corresponds to extremal values of multipath interference.
For intermediate delays between these integer multiples the multipath takes on values which interpol ate between
the values at the integer points. This choice not only provides the bounds of performance, but it greatly simplifies
computations since analog (spreading-modulation-specific) effects need not be considered. The properties at the
integer delays are dependent only upon the code correlation properties.

Submission page 2 John H. Cafarella, MICRILOR, Inc.



November 1997 Doc: IEEE P802.11-97/120

Multipath-Induced Errors

In the absence of noise and multipath, the transmitted waveform will produce a maximum in the correct correlator
output C, and zero in each of the M-1 other correlation outputs. With multipath present at delay KT, there will be
two effects: first, the K" autocorrelation side lobe of the multipath will add or subtract (depending upon the relative
phase of the multipath) from the main-lobe LOS signal in correlator output C; second, the Kth crosscorrelation
side lobe of the multipath will cause some of the M-1 incorrect correlator outputs to be non-zero.

The above only considers the result of the current symbol waveform. In addition to this there will be a changein
the correct correlator output C and also the M-1 incorrect outputs due to the multipath for the next or previous
symbol.

We need only calculate the correlation properties of the sequences formed by XORing a PN code with the Walsh
functions because of the stipulation that multipath delays be integer multiples of T.. The transmitted waveform
corresponds to the code P_,W},, where

P_n is the sequence of the L™ PN code, and
W3, is the sequence for the J" Walsh function.

The LOS signal produces correlator outputs
R=M 1=
=0 11t

The specular multipath for the current symbol will add a component Ay C,x to the correlator channel outputs,
where Ay is the relative (complex) multipath strength, and C,x is the output of the correlator for waveform Jin
response to waveform | for (multipath delay) shift K.

The specular multipath for the previous symbol will add a component Ay C; yu-) to the correlator channel outputs,
where C; yu) IS the correlation matrix for the waveform of the previous symbol at shift M-K. Of coursg, this
component must be averaged over all possible I’ (the specific transmitted waveform) for each 1.2 We may estimate
the contribution from C; yu.x) more simply, for near-in multipath (small K) by considering the probabilities for
combinations which can occur when only afew chips of the previous waveform contribute. More generally itis
necessary to consider the actual far-out correlation statistics. For example, for K=1 (the nearest resolved
multipath) the contribution from the last chip of the previous symbol is +1 with equal probability. However, the
contribution must properly account for the signs of the coefficients in the correlation matrix.

An error will occur whenever the amplitude of one of the incorrect correlator outputs exceeds that of the correct
correlator output. If waveform | istransmitted during the current symbol, waveform I’ was transmitted during the
previous symbol, and the multipath arrives at delay K relative to the LOS path, then the correlator outputs are

X; =Cyo t Ay (CIJK £ CI‘J(M— K))

The £ sign isincluded to account for possible carrier polarity inversion between symbol waveforms. With equal
probabilities there are 2M? combinations of selecting the current and previous symbol waveforms with and without
acarrier phase reversal; however, it is generally unnecessary to enumerate all such combinations. The M possible
waveforms for the current symbol each have probability 1/M; and the probability of a phase reversal of the carrier
will be 50%. However, the possible outcomes depending upon the combination of current and previous symbol

2 We have not allowed in this notation for the PN code to be changed; it is assumed to be the same from symbol to
symbol for the present discussion.
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waveforms reduces to a set much smaller than M2. For example, for K=1 (the nearest-in multipath case) only a
single chip is contributed by the previous symbol, and the + for carrier reversal includes all possibilities for the
previous symbol waveform. The probability of error can be written

o
PSE =a Pk PSE|k
k

where
Py is the probability of the k™ combination, and
Psev4 is the conditional probability of error for this combination.

Of course, the probahilities P, must sum to unity. Since the phase of Ay isuniformly distributed we are at liberty
to select the zero of the multipath phase to be that which maximally diminishes the autocorrelation peak in the
correct correlator output.®> Thus, we write

A, =Gl

where G<1 is the magnitude,* and the phase ¢ can absorb the sign of the autocorrelation coefficient, if necessary.
Since the demodulator selects the largest path for demodulation it is not necessary to consider G>1. Note that
computing only cases for which the multipath is delayed relative to the path being demodulated is justified by the
symmetry of the crosscorrelation statistics.

We enumerate the possible cases by specifying a set of positive numbers a, and by corresponding to the magnitudes
of the multipath contribution to the autocorrelation (the correct channel) and the worst-case crosscorrelation

output, respectively, for that a,. We may now evaluate the conditional probabilities of symbol error Pg|c.> An
error will occur for a given a, and by, when the autocorrelation peak in the correct channel is diminished and an
incorrect correlator output isincreased to the point that an incorrect correlator output has larger magnitude than
that of the correct output

IM - a,G"<b,G

I .
Where all quantities except €q are real and positive.

a=0

An error occurs when M<bGor GM.

a0

There will be no errors for Gbeow

G<L
a,+b,

3 This means that when C is negative the entire row of the correlation matrix C,x should be inverted when
considering combinations with the previous symbol.

* Since the demodulator selects the largest path for demodulation it is not necessary to consider G>1. Note that
limiting the multipath to delay relative to the path being demodulated is a symmetry issue.

® Note that thisis valid only for the noise-free case, for which only the largest crosscorrelation side lobe by,
determines whether an error occurs for each a;,. When noise is added, then the conditional probabilities must sum
over probabilities for all significant crosscorrelation side lobes.
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Once G exceeds the threshold value there will be symbol errors for g=0 and some range of q about thisvalue. The
fraction of 2p over which the value of g gives an error is the prabability of symbol error, which we now compute.
We proceed by sguaring

M?- 2a,GMcos(q) +a ‘G’ <b G
Thisis satisfied, if at all, for values of q for which
MZ + (a k2 _ bKZ)GZ
2a,GM
The boundaries ggof the g region for which the inequality are given by

MZ+@,” - b,”)G
Co =z
s ) 28, GM

Thus, the conditional probability of symbol error is

2 M2+(@,”- b %G
PSE| - qB :COS—l( (ak k )
K 2p 2a GV

cos(q) >

)

a>b

Above a second threshold

G<L
a, +b,

I
the conditional probability of error returns to zero because the multipath contribution to the correct channel
becomes larger than any of the other channels.

a=b

The conditional probability of error monotonically increases to the assymptote of %.

a<b

Above a second threshold

G<L
a,+b,

the conditional probability of error isfixed at 1. In general we must construct the set of ay, by and Py for a selected
code.
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Conditional
Probability of Symbol

Code 01H: first side lobe Code 01H: first side lobe
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First-Side-Lobe (K=1) Performance

We now consider the performance of representative 8- and 16-bit codes for a specular multipath at delay T, using
noncoherent 8-ary and 16-ary signaling. Correlation details are presented in the appendices for all possible 8-bit
codes and for the best 8 cosets of 16-bit codes. For each code (coset leader) a crosscorrelation matrix is presented
for each integer delay. These matrices can be interpretted as correlator output along arow (i.e., which Walsh
function is XORed with the PN code for a given correlator output), and transmitted waveform along a column (i.e.,
which Walsh function is XORed with the PN code before transmission).

In considering the effect of multipath the phase of the multipath is referenced to that which would cause a decrease
in the amplitude of the correct correlation output. Because of this, the sign of the autocorrelation coefficient can be
changed to be positive as long as all other coefficientsin arow are also changed. Thisisimportant in considering
the contribution due to the previous symbol, which for K=1 can be £1, but which must be consistent in its effect on
the main-lobe correlation as well as in the incorrect channels.

8-bit code 014 16-bit code 01584

ak by P« ak by P«

6 4 1/8 6 8 1/8
4 4 1/8 4 8 1/16
4 6 1/8 4 6 3/16
2 6 1/8 2 8 1/4
2 4 Ya 2 6 1/8
0 6 1/8 0 8 1/16
0 4 1/8 0 6 3/16

Note that for both codes there are only 7 distinct combinations of a and b possible. We compute the conditional
and overall probabilities of symbol error.
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Conditional
Probability of Symbol

Code 0158H: first side lobe
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There are two important facts which can be determined by these graphs. First, thereis 3 dB more tolerance of a
specular multipath with 16 chips than with 8. Second, for acceptable (small) values of error probability we can
approximate the noise-less case with the contribution from whichever combinations of a, and by are responsible for
the onset of errors, i.e., the largest a,+by.

It isimportant to realize that thisis purely an effect of the correlation characteristics of the spreading codes
because we have set the noise to zero. While thistest is used to gain understanding, rather than as a means for
predicting actual channel performance, it often occurs that the channel impulse response comprises a small set of
specular components well above a background of weaker Rayleigh multipath components. In this case, the
behavior of the system can be estimated by considering the ralationship between the two strongest paths.

We have postulated a receiver which selects, during acquisition, the largest multipath component for
demodulation. In the case of 16-bit codes, the origninally weaker of two paths A can increase in amplitude up to
the point where it becomes equal in strength to the originally stronger B and the system will continue to operate.
As path A continues to increase in strength, the receiver simply switches to demodulating path A.

In the case of 8-bit codes, the origninally weaker of two paths A can increase in amplitude up to the point where it
is 2-dB less in strength than the originally stronger B, at which point the system will fail to operate. Aspath A
continues to increase in strength past that of path B, the receiver switches to demodulating path A, but cannot
operate properly until path A is 2-dB stronger than path B. From this we see that, in the noise-free case, the
system using 8-bit codes has a 4-dB gap in operation as two dominant paths fluctuate.
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Appendix A: Correlation Matrices for All 8-Bit Codes

Code=00y4
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code=014

+
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+2+42+2+2+242-2-2
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+2+42+2+2- 2- 2+2+2
-2-2-2-2+2+2-2-2
+2+42-2-2+242+2+2
-2-2+2+2-2-2-2-2
-2-242+2+242+2+2
+2+42-2-2-2-2-2-2

1
+7+1+1-1+1-1-1+1
-145+1+3+1+3-1-3
-141+1- 1+1-1+7+1
-1-3+1+3+1+43-1+5
-1+41+1-1-7-1-1+1
-1-3+1+3+1-5-1-3
-1+41-7-1+1-1-1+1
-1-3+1-5+1+43-1-3

5
+3+3+1+1+1+1-1-1
-3-3-1-1-1-1+1+1
-1-1+1+1+141+3+3
+1+1-1-1-1-1-3-3
-1-1+1+1-3-3-1-1
+1+1-1- 1+3+43+1+1
-1-1-3-3+1+1-1-1
+1+1+3+3-1-1+1+1

1
+5+3+3- 3- 1+1+1-1
+1+3- 1+5+3+1-3-1
+1-1-1+1+3- 3+5+3
-3-1+3+1- 145+1+3
+1-1-1+1-5-3-3+3
-3-1+3+1-1-3+1-5
-343-5-3-1+1+1-1
+1-5-1-3+3+1-3-1

5
+1+1+3+3-1-1+1+1
-1-1-3-3+1+1-1-1
+1+1-1- 1+3+43+1+1
-1-1+1+1-3-3-1-1
+1+1-1-1-1-1-3-3
-1-1+1+1+141+3+3
-3-3-1-1-1-1+1+1
+3+3+1+1+1+1-1-1
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+4+4 0 0+2-2+2-2
0 0+4+4-2+2-2+2
0 0-4-4-2+2-2+2
-4-4 0 0+2-2+2-2
+2-2+42-2+4+4 0 0
-2+2-2+2 0 0+4+4
-2+2-2+2 0 0-4-4
+2-242-2-4-4 0 0
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3
+5+3+1- 1+1-1+1-1
-3-1+1+3+1+3+1+3
-1+41-1+1-1+41-5-3
-1-3-1-3-1-3+3+1
-1+41-1+1-5-3-1+1
-1-3-1-3+3+1-1-3
+1-1+5+3+1-1+1-1
+1+43-3- 1+1+3+1+3

7
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1

3
+3+45-1+1-1+1-1+1
-1- 3+3+1+3+1+3+1
+1-1+1-1+1-1-3-5
-3-1-3-1-3-1+1+3
+1-1+1-1-3-5+1-1
-3-1-3-1+1+43-3-1
-1+41+3+5-1+41-1+1
+3+1- 1- 3+3+1+3+1

7
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
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code=02,

0 1 2 3
+8 000 0O0O0O0 +3+5+1-1+1-1+3-3 +4+4 0 0-2+2-2+2 +3+1+3+1+3+1-1-3
0+8 0 0 0 0 0O 0 +3+1+1+3+1+3-5+1 0O 0+4+4+2-2+2-2 -1+1-1+1-1+1+3+5
00+8 00000 +3-3+1-1+1-1+3+5 O 0-4-4+2-2+2-2 +1+3-3-1-3-1-3-1
0O000+t8 0000 -5+1+1+3+1+3+3+1 -4-4 0 0-2+2-2+2 -3-5+1-1+1-1+1-1
00O0O0O+8 000 -1+1-3+3-3-5-1+1 -2+2-2+2+4+4 0 O -3-1+1+3-3-1-3-1
0O00OO0O0OO0O+8 0 0 -1-3+45-1-3-1-1-3 +2-2+2-2 0 0+4+4 +1-1-3-5+1-1+1-1
000O0O0OO0O0O+8 0 -1+1-3-5-3+3-1+1 +2-2+2-2 0 0-4-4 +3+1+3+1-1-3+3+1
000O0O0OO0OO+8 -1-3-3-1+5-1-1-3 -2+2-242-4-4 0 0 -1+1-1+1+3+5-1+1

4 5 6 7
+242+2+2-2-2+2+2 +1+1-1-1+3+3+1+1 0 0 O 0-2-2-2-2 +1+1+1+1+1+1+1+1
-2-2-2-242+2-2-2 -1-1+1+1-3-3-1-1 0 0 O O+2+2+2+2 -1-1-1-1-1-1-1-1
+242+2+2+2+2-2-2 +1+1+3+3-1-1+1+1 0 O O O+2+2+2+2 -1-1-1-1-1-1-1-1
-2-2-2-2-2-242+2 -1-1-3-3+1+1-1-1 0 0 O 0-2-2-2-2 +1+1+1+1+1+1+1+1
-2-2+4242+42+2+2+2 -3-3-1-1-1-1+1+1 -2-2-2-2 0000 -1-1-1-1-1-1-1-1
+2+42-2-2-2-2-2-2 +3+3+1+1+1+1-1-1 +2+2+24+2 0 0 0 O +1+1+1+1+1+1+1+1
+2+42-2- 242+2+2+2 +1+1-1-1-1-1-3-3 +2+2+24+2 0 0 0 O +1+1+1+1+1+1+1+1
-2-2+242-2-2-2-2 -1-1+1+1+1+143+3 -2-2-2-2 0000 -1-1-1-1-1-1-1-1
code=03y

0 1 2 3
+8 0000000 +5+3-1+1+3-3+1-1 +2+6-24+2 0 0 0 O +1+3+1+3+1+3-3-1
0+8 0 00O 0 0O 0 +1+3+3+1-1+5-3-1 +2-2+6+2 0 0 0 O +1-1+1-1+1-1+5+3
0O0O+8 00000 +1-1+3-3-1+1+45+3 +2-2-2-6 0 0 0 0 +3+1-1-3-1-3-1-3
0O0O0O+8 0OO0O0O0O0 -3-1-145+3+1+1+3 -6-2-2+2 0 0 0 O -5-3-1+1-1+1-1+1
00O0O0+t8 000 -3+3-1+1-5-3+1-1 0 0 O O+2+6-2+2 -1-3+3+1-1-3-1-3
00O0OOO+8 O O +1-5+3+1-1-3-3-1 0 0 O 0+2-2+6+2 -1+1-5-3-1+1-1+1
0O000O0O0OO0O+8 0 +1-1-5-3-1+1-3+3 0 0 O 0+2-2-2-6 +1+3+1+3-3-1+1+3
000O0OO0O0OO+8 -3-1-1-343+1+1-5 0 0 0 0-6-2-2+2 +1-1+1-1+5+3+1-1

4 5 6 7
00+4+4 0000 -1-1+1+1+1+1+343 -2-2-2-2 0000 -1-1-1-1-1-1-1-1
00-4-40000 +1+1-1-1-1-1-3-3 +242+2+2 0 0 0 O +1+1+1+1+1+1+1+1
+4+4 0 0 0 0 0 O +3+3+1+1+1+1-1-1 +2+2+24+2 0 0 0 O +1+1+1+1+1+1+1+1
-4-4 000000 -3-3-1-1-1-1+1+1 -2-2-2-2 0000 -1-1-1-1-1-1-1-1
000O0O0O 0+4+4 -1-1-3-3+1+1-1-1 0 0 0 0-2-2-2-2 +1+1+1+1+1+1+1+1
0O000O0OO0-4-4 +1+1+3+3-1-1+1+1 O O O O+2+2+2+2 -1-1-1-1-1-1-1-1
00O0O0O+4+4 00 -1-1+1+1-3-3-1-1 0 O O O+2+2+2+2 -1-1-1-1-1-1-1-1
00O0O0-4-400 +1+1-1-143+3+1+1 0 0 0 0-2-2-2-2 +1+1+1+1+1+1+1+1
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Code=04,
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-2-2-2-2+2+2-2-2

1
-141+1+7+1-1-1+1
+3+1+5- 1- 3-1+3+1
-141+1- 1+147-1+1
+3+1- 3- 1+5- 1+3+1
-1+41+1-1+1-1-1-7
+3+1-3-1- 3-1-5+1
-1-7+1-1+1-1-1+1
-5+41-3-1- 3-1+3+1

5
+1+1-1-1-1-1-3-3
-1-1+1+1+141+3+3
-3-3-1-1-1-1+1+1
+3+3+1+1+1+1-1-1
+1+1+3+3-1-1+1+1
-1-1-3-3+1+1-1-1
+1+1-1- 1+3+43+1+1
-1-1+1+1-3-3-1-1

1
- 3+43+3+5- 1+1+1-1
+5-1+3+1- 1- 3+1+3
+1-1-1+1+3+45-3+3
+1+3-1-3+3+1+5-1
+1-1-1+1+3-3-3-5
+1+3-1-3-5+1-3-1
-3-5+3-3-1+1+1-1
-3-1-5+1-1- 3+1+3

5
-1-1+1+1-3-3-1-1
+1+1-1- 1+3+43+1+1
-1-1-3-3+1+1-1-1
+1+1+3+3-1-1+1+1
+3+3+1+1+1+1-1-1
-3-3-1-1-1-1+1+1
-1-1+1+1+1+1+3+3
+1+1-1-1-1-1-3-3

2
+2+42-2-2+4 0+4 0
-2-2+2+2 0+4 0+4
+2+42-2-2-4 0-4 0
-2-2+2+2 0-4 0-4
+4 0+4 0+2+2-2-2

0+4 0+4-2-2+2+2
-4 0-4 0+2+2-2-2
0-4 0-4-2-2+2+2

+2+2+2+
-2-2-2-
-2-2-2-
+2+24+2+
000

+
+
+
+

NNMNNNOOOO

NNMNNNOOOO

QCQOOONMNNNMNNO
NII\JNNOOOO
NNMNNNOOOO

eoNeoNe)
eoNeoNe)
eoNeoNe)
+
+

+
+

2
+4 0 0-4+2+42+2+2
-4 0 0+4+2+42+2+2
0+4-4 0-2-2-2-2
0-4+4 0-2-2-2-2
+2+2+2+2+4 0 0-4
+2+42+2+2-4 0 0+4
-2-2-2-2 0+44-4 0
-2-2-2-2 0-4+4 0

+
+
+
+

QOOOMNNDNN

QOOOMNNDNN

+
+

OOOOI\JII\JI\)I\)

QOOONNNN

+

+
+
+
+

NNMNNNOOOO

NNMNNNOOOO

NNMNNNOOOO

+
+

1
NNNN?OOOG)

+
+

3
-1-3+3+1-1-3-1-3
-1+41-5-3-1+1-1+1
+1+3+1+3- 3- 1+1+3
+1-1+1- 1+5+43+1-1
+1+3+1+3+1+43-3-1
+1-1+1-1+1- 1+5+3
+3+1-1-3-1-3-1-3
-5-3-1+1-1+41-1+1

7
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1

3
-3-1+1+3-3-1-3-1
+1-1-3-5+1-1+1-1
+3+1+3+1- 1- 3+3+1
-1+41-1+1+3+45-1+1
+3+1+3+1+3+1-1-3
-1+41-1+1- 141+43+5
+1+3-3-1-3-1-3-1
-3-5+1-1+1-1+1-1

7
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
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code=16y

+

clololoNoNoNe o)
OOOOO(-DI-OOO
OOOO(-DI-OOOO
OOO(-DI-OOOOOO

+
QOO OOOO0o

+
o) olololoNeNe)
OO OOOOO0

cleololoNoNoNeNeo)

N

-2-242+2+242+2+2
+2+42-2-2-2-2-2-2
+2+42-2-2+242+2+2
-2-2+2+2-2-2-2-2
+2+42+2+2- 2- 2+2+2
-2-2-2-2+2+2-2-2
+2+42+2+2+242-2-2
-2-2-2-2-2-2+42+2

1
-1+41+5+3- 3+3-1+1
+3+1+1+3+1- 5+3+1
-1+41- 3+3+5+3-1+1
+3+1+1- 5+1+3+3+1
+3-3+1-1+1-1-5-3
-1+5-3-1-3-1-1-3
-5-3+1-1+1-1+3-3
-1-3-3-1-3-1-1+5

5
-1-1-3-3+1+1-1-1
+1+1+3+3-1-1+1+1
-1-1+1+1-3-3-1-1
+1+1-1- 1+3+43+1+1
-1-1+1+1+141+3+3
+1+1-1-1-1-1-3-3
+3+3+1+1+1+1-1-1
-3-3-1-1-1-1+1+1

1
+1-1+3+5- 1+1- 3+3
+1+3+3+1-1-3+5-1
-3+43-1+1+3+45+1-1
+5-1-1-3+3+1+1+3
+1-1+3-3-1+1-3-5
+1+3-5+1-1-3-3-1
-3-5-1+1+3-3+1-1
-3-1-1-3-5+1+1+3

5
-3-3-1-1-1-1+1+1
+3+3+1+1+1+1-1-1
+1+1-1-1-1-1-3-3
-1-1+1+1+1+1+3+3
+1+1-1- 1+3+43+1+1
-1-1+1+1-3-3-1-1
+1+1+3+3-1-1+1+1
-1-1-3-3+1+1-1-1

2
0+4-4 0+2+2+2+2
0- 4+4 0+2+2+2+2

+4 0 0-4-2-2-2-2

-4 0 0+4-2-2-2-2

+24242+42 0+4-4 0

+24242+42 0-4+4 0

-2-2-2-2+44 0 0-4

-2-2-2-2-4 0 0+4

QOOOMNNDNN

2
+2+42-2-2 0+4 0+4
-2-2+2+2+4 0+4 0
+2+42-2-2 0-4 0-4
-2-2+2+2-4 0-4 0

0+4 0+4+2+2-2-2
+4 0+4 0-2-2+2+2
0-4 0-4+2+2-2-2
-4 0-4 0-2-2+2+2

-2-2-2-
+2+2+2+
+2+2+2+
-2-2-2-
00

+
+
+
+

O?OONNNNG)
+
+
+

NNMNNNOOOO

NNMNNNOOOO

NNMNNNOOOO

NNMNNNOOOO

0
0
0
0

eoNeoNe)
eoNeoNe)

3
+1-1+1-1-3-5+1-1
-3-1-3-1+1+43-3-1
-1+41+3+5-1+41-1+1
+3+1- 1- 3+3+1+3+1
+3+45-1+1-1+1-1+1
-1- 3+3+1+3+1+3+1
+1-1+1-1+1-1-3-5
-3-1-3-1-3-1+1+3

7
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1

3
-1+41-1+1-5-3-1+1
-1-3-1-3+3+1-1-3
+1-1+5+3+1-1+1-1
+1+43-3- 1+1+3+1+3
+5+3+1- 1+1-1+1-1
-3-1+1+3+1+3+1+3
-1+41-1+1-1+41-5-3
-1-3-1-3-1-3+3+1

7
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1
-1-1-1-1-1-1-1-1
-1-1-1-1-1-1-1-1
+1+1+1+1+1+41+1+1

code=174

0
+8 00000O00O0
0+8 0 OO 00O
O0O+t8 00000
oOooo0+t8 0000
0O0000O+8 000
Ooo0OO0OO0OO0O+80 0
Oo0OO0OO0OO0OO0O+8 O
0O0O0O0OOOO0+8

4
0O 0O0O0O 0+4+4
0O0O0O0OO0O0-4-4
0000+4+4 0 O
0000-4-400
O0+4+4 00 O0O
00-4-40000
+4+4 0 0 00O 0O
-4-4 000000
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Appendix B: Correlation Matrices for the 8 Best 16-Bit Codes

(X stands for +16)

=0158y

Code

DO~ AM® O o o
O~ AL AL o )M 0t )
AN A~ Ao d MO MM
AN A M NN 0o MM L0
HAH A MMM o N A LD M O
AN AN AN~ L0 o OO N0
M ON A A A OLOLO M od— ~—
M A A AL A MMM L0~ 0 O
NI 1O O I~ e I~
DN MNAMON®M oo L0 L0
M A A MO M Moo~ o0 LWL M
A AN M AN A AL MO~
NN OMML0 Ao o oMM OO
A A O~ A AN LD o0
OO AL MO MO N~ o oo
LN ) LD O 10— )
A
I Y=X=X=X=R=2=I=T=R=R=l=l=X=R=k 3
I Y=X=X=X=X==I=I=R=R=l=l=X=R &=
I Y=X=X=X=X==I=I=R=R=l=l=R . d=X=)
I Y=X=X=X=X==I=I=R=R=l=p d=T=X=)
I Y=X=X=X=R==I=I=R=R=R d=X=X=%=)
I Y=X=X=X=X==I=I=R=E d=X=X=X=X=)
I Y=X=X=X=R==I=I-E f=1=T=X=R=X=]
I Y=X=X=X=R==I=E d=R==X=X=X=X=)
IY=X=X=Y=R=1-E d=T=R==X=X=R=X=)
IY=X=X=X=R=-E d=T=T=R==X=X=R=X=)
IY=X=T=Y=-E d=I=T=T=R==X=X=R=X=)
IY=X=-I=-E f==1=T=R=R=1=X=X=R=X=)
Y=Y d=t=1=1=T=T=R==X=X=R=X=)
I Y-p d=-Y=Y=X=I=T=R=R==X=X=R=X=)
R d=Y=Y=Y=-=I=T=R=R=1=X=X=R=X=)
Ne==I=T=X=R=1=1=X=R=2=X=X=X=X=)

OMNAAOO AN AAAAL M
AN AN MO o MLOMN~M o oM
DO AN A A MO~ ot D™
NOWAOM oML oMo o L0
AL M MO o o OO o M 1O M —f
N AAM AM O~ —f — )
AHMMMONM® o oML o~
N ALD MO o 1O M o~ 1O 1O
MO AA A ALO MO M o o 1O 10— I~
MM o 0 ) ol L0
DO~ A A MM ML o =M o
AN AN AALO N O o L0 N
OO ANLD N A A ALO N MO o
MO MM M)l o ) L0~
NN AN i~ DD LO P
AN AN OO oM AL ML
_ A
TOTOTOTONNW©AN A © © ©
OTOTOLTOLTOOWONNO NN
TOTOTOLTOOONOO NN
OTOLTOTO T NN © O N© O
TOTOTOTONOOONNOAN
OTOTOLTOTNWOANWD OO N
TOTOTOTLTOONANNW© ©N O
OTOLTOLTOLTONOOANNAN O
NNOANOOOTOTOTO IO
ooaANONNOTOTOTO
CONOCOANNANTOTOTO IO
ANNOCONOOOTOTOTO T
NOOONNOANTOLTOILTO IO
NOANNOOONOTOTOTO
CANNNOONOTOTOTOTO
oCNOONANOOTOTOTO T

AHAN AN MM~ o 1O M
N AANMN A AN LD O~ ™
A A A A A A MO N O~
N AM M A o O AL M e 1O N
AL MMM o L0 o L
O AMALN A A M e ot
O AMM MM o o
N AN A A O AN AN ™o
NI A AL LA 1O
A AN A MM MM et
A AL O AL~ ) M )
A MO A AN A AN D™~
N AAMMN AAMO N o MO L0
A A A A O~ AN ®MMm®M
N AM M A oM O M o 1O L0
D D s
NN O N© NN ONNNN N © N
OARNNNNONNNN OGN O NN
NONNNNNONN©NONNN
N ONONNNNONNN NN O
NONNNNNONNONONNN
NNONONNNNO NN NN N O
NN ONONNONNNNN© N
O NN NNNONNNN OGN O NN
OCANNNNONNNNON O NN
NANONONNONNNNN O N
NN ONONNNNO©NNN NN ©
NONNNNNONN©NONNN
NN ONONNNNO NN NN N O
NONNNNNONN©NONNN
O NN NN NONNNN OO NN
NARONONNONNNNN© N
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HONAAM N AN M AN M A
OO AADLO A AMLOD A A LO D
DM AN A M oM 0 ) 1O~
e
OO AL A AMLO A M LO
MDA~ A M ) ) )t )
AT O o o o
MM AN M oo MM o o )
O AL A AMLOD A MO
DM AM LD~ ) ) )
o Y R L L
O ALAMDLO AALO D A A MLO
MM A M oM ) 1O = ) )
e J g
A A AR

<O OO OSTANANNNNNNN
OTDITTOTONNNN A NN N
OTOTTOTONNNN N NN N
TOTOOTOTANNNN NN A
OTOTTOTONNNN A N AN
tOoOYOoOoOTOTANNNNN NN
tTOoOYTmOoOTOTANNNNN N
DTOTTOTONNNN A NN N
aNANANANNANTOTOOTO
ANNANANNNOSTOT IO SO
ANNANANNNOTO T TO S ©
ANANNANNANNNTOLTO DT O
NNNANNNNNO SO OO
ANANNANNANNANTOTOO SO
ANANNANANNANTOTOO SO
ANNANANNNOLTOTIO SO

THAA A A OO N AAAATAMN N OO M
A MM A A DN MM
A O A A A NN MM
AT AMMMM oo o OO MM
Ao A HMMMM o oo 0L MM
NN A AL MM A DM
NN A AL M) D
OONMM A A A AN M A
OO oA A AN MO o

R R _
TSI T T T T TOOOO0O0O0O0O
Tt ITIISTOOO00O00O
Tt ITI I FTOOO0O0O00O
STt TTI I STOOO0000O
TSI TI I STOOO00O00O
T IITT I I TOOOO0O0O00O
T IITT I I TOOOO0O0O00O
TSI TIISTOOO0O0O00O
Y=ttt R e
CoocoOocOoOocOSTSTTIIT TS
CoocoocOoOocOSTTTIII TS
oY==ttt 1b R e
==ttt 1-b R
CcoocoOocOoOocOSTSTFIT T TS
CcoocoOocOoOocOSTTTITT TS
CoocoOcOoOCOSTTFIT TS

11

10

ArA A A AAAA OO N M A A A
A A A A LW MM o
HAMM AL MMMM o oot M
AHMMAAMMM M oo oM
A A A AOO MO A A
AL AN O oA
HAMMMM oo oMM MM
AHMMMM oo oMM MM
OO A o o
OOt o
NN A A MM A MM DM
NN A A AN A A MM DM
N A T X oz
N T N oz
HAMM AL M®M oA MMM M
AL A AMM MMM M o

R i o _
TTOO0OCOTTANNNNNNNN
TYoOococOoOYTTANNNNN N
TYoOococOoOYTTANNNNN N
tTYoococOoOYTTANNNNNNA
COSTITITOONNNNA NN N
cCotTITITOoOONNNNAN NN N
cCotTITITOoOONNNNA NN N
cCotTTITOoOONNNNA NN N
NNANANANNANTTOOOO S <
ANANANANNANTITOOOO S <
ANANANANNANTITOOO0O S <
AN ANANNANTTOOO0O S <
NANNANNANNNOCOTTITOO
ANNANANNNOCOOTITITOO
ANANANANNNOCOOFTITITOO
NANNANNANNNOCOOFTTITOO
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13

12

T AT MMM A
HAAA MMM A A A
HAAA MMM A A A
HAAA MMM A A A
HeA A A A A A AN MM O A
A A A A A AN MM O A
A A A A A A AN MM O A
A A A A A A AN MM O A
A A A A A A A A MO O™
Ao A A A A Ao Ao MM mM
Ao A A A A A A A MM O™
Ao A A A A A oMM O™
OMMM A A A
OMMM A A
OMMM A A A
OMMM A A A

[ 1 [ [ 1
ANANANNNNNNNNNNNNNN
ANNNNNNNNNNNNN NN
ANNNNNNNNNNNNN NN
ANNNNNNNNNNNNN NN
ANNNNNNNNNNNN NN
ANNNANNRNNNNNNNN
ANNNANNRNNNNNNNN
ANNNANNRNNNNNNNN
TR IR NENE N NE N NENE NI NENENEN
ANNNNNNNNNNNNNNN
ANNNNNNNNNNNNNNN
ANNNNNNNNNNNNNNN
ANNNNNNNNNNNNNNN
NNANNNNNNNNNNNNN
NNANNNNNNNNNNNNN
NNANNNNNNNNNNNNN

15

14

T A A A A A A A A A A A A A A
L. L L
L. L L
L L L L P
L L L L P
L L L L P
L L L L P
. L L L
L L L L P
L L L L P
L L L L P
L L L L P
L L L L P
L L L L P
L L L L P
L L L L P
RN D RN
cCoocOocOoOocOocOoONNNNANNNN
coococOoOococOoONNANNNNANN
coococOoOococOoONNANNNNANN
coococOoOococOoONNANNNNANN
coococOoOococOoONNANNNNANN
coococoOococOoONNANNNNNN
coococOoOococOoONANNNANNN
coococOoOococOoONNANNNNANN
NNANANANNNOODODOOD
ANANNANANNNOOOOOOOO
ANANNANANNNOOOOOOOO
NANANANNNOOOOOOOO
ANANANANNNOOOOOOOO
ANANNANANNNOOOOOOOO
ANANNANANNNOOOOOOOO
ANANNANANNNOOOOOOOO

code=020E,

A AMONI~oAM AL M L0
M AL Moo ™ML m M
O AN AN o o 0t )
NOON AN ALOM ML o of
DAL ) AL~ O M o 1O o D
OOV A ~NAO OO M~ o
AN A MMM o O L0 o)
A A M MO o N Moo
AN A M AL A0 AN MM~
A~ AU MM~ oo oL M
OM M o) M0 )M 1O o 1O
DML o oMM LO LD M o N
OO~ AM® L0 o o 0 o 10
OO MM oA MO MM o oM
A A D AN~ M N0~
NN MM oo LD M ML

RN AR _
I Y=X=X=X=X==I=T=R=R=l=l=X=R=k 3
IY=X=X=X=X==I=I=R=R=l=l=X=R &=
I Y=X=X=X=X==I=I=R=R=1=l=R . d=X=]
I Y=X=X=X=X==I=I=R=R=l=P d=N=%=)
I Y=X=X=X=X==I=I=R=R=R d=X=X=%=)
IY=X=X=X=X==I=I=R=E d=X=X=X=X=)
I Y=X=X=X=X==I=I-E f=1=T=X=R=X=]
IY=X=X=X=R==l=E d=R=1=X=X=R=X=)
IY=X=X=X=R=1-E d=T=R==X=X=R=X=)
IY=X=X=X=R=-E d=T=T=R==X=X=R=X=)
IY=X=T=X-E d=I=T=T=R==X=X=R=X=)
IY=X=T=-E &=1=I=T=R=R=1=X=X=R=X=)
Y=Y d=t=-1=1=I=R=R=1=X=X=R=X=)
Y= d=Y=Y=T=I=1=T=R==X=X=R=X=)
R d=Y=Y=Y=-=I=T=X=R=1=X=X=R=X=)
Ne==I=T=X=R=1=1=X=R=2=X=X=X=X=)

John H. Cafarella, MICRILOR, Inc.

page 18

Submission



IEEE P802.11-97/120

Doc:

November 1997

MO AATAMNMOMWOAAAALOO M
O MMM oMo )~ L0 M
MMM~ M®MM o o o M1 M
O AL A A M AL o
A M MO oo oo ML~ O 1O
M NLOM 0 e )l ) ) ol L0 O I~
AN OMMM o o~ O Mo MM
HOM A A A M AL N oML
MO o O M~ 1O 10— o 0 1O
N AAMM~IOM o 1O M~ o )
DDA A~ M MM~ 1O M
DoA™ oA Moo ML o OO~
A MM OW o oMM o o
AOMAAO MMM M oM
MM oAAM® a1 MMM o o
AWLMo LOM o0 o oM

C R _
NNONONNNS << < <
NONNNNNO©S < < < < < <
ANONONNNT S < < < < < <
NONNNNNO S < < << < <
OCNNNNNONST < < < << <
NNNONONNT S < < << <
OCNNNNNONT S < < < < <
ANNONONNT S < < < < <
ST TTIITANONO N NN
TLITLITILTTNO NN NN N O
TITLITITTANONO NN N
TLITLITILTTNO NN NN N O
TITLITITTONNNNN O
TEITLITITTANNON O NN
TEITITLITTONNNNN O N
TEITLITITTANNONO NN

NeAMNcAMAMNAM AN AW LW
A A A A AD NN A MM mM
MAAMMAAMIOON AL W0
AHMOAAMOAALO O MO~
MONAAAD M A A ML o ML
M ADSALO AD O A A M
O AMMM ™ A A
O~ AMAD AMAAMM M
AHO MMM~ A AMLIO oML
MM AMAM A O LD M 1O~
A A AAAA AN O MO~ o
MAAMM AAM AL AN oM
AHMOAAMO OO o0 M
' [ ' '
NOANNNONNNNONNNON
ANNAONNNOONNNONNN
OCNANNONNNNNNONNNO©
ANNONNNOONNNONNN
OCNANNONNNNNNONNNO©
OCNANONNNNNNONNNO©
ANNNONNNOONNNONNN
OCNANONNNNNNONNN©
ANNAONNNOONNNONNN

HONc AN AAN AN M AL DNMNAM
AN MM AN Mo MM 0
A A O MM o oo = 10 MLO M
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