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ABSTRACT: Schemes for multiple user - point to point communication, using
orthogonal and quasi-orthogonal tree codes are presented. The packet error
probability resulting from mutual interference between users' transmissions is

first evaluated for fixed assigned multiple access.

A reservation scheme which uses tree coded request and message channels

is developed.

The model incorporates (tree coded) request chamnels of collision type
for deterministic as well as random message lengths. Traffic and detection
performance characteristics and interactions are invcstigated under steady
state conditions. The advantage of certain quasi-orthogonal schemes is

demonstrated.

The research reported in this paper was supported in part by the National
Science Foundation under grant no. ENG-76-09001.



A. Comparison of Multiple Access Schemes Using Tree Codes
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INTRODUCTION:

Use of Tree Codes for Multiple Access.

Bounds on error probability for orthogonal and quasi-orthogonal tree
codes were developed in an earlier paper and the use of such codes was
briefly discussed[1]. Here, two distinct schemes with good anti-intercept
properties for multipoint user-user communication on a common wideband
channel are considered. Each of these schemes can use either orthogonal
or quasi-orthogonal signal sets. First, the previously derived bounds are
used to compare performance of these schemes in a fixed assigned multiple
access situation. A reservation scheme for multipoint message and/or packet
switching is then described and a steady state analysis of traffic be-
haviour is pres;nted. Finally, the interactions of traffic and detection
performance for these schemes are discussed.

We describe two schemes for the use of tree codes in multiple access.
(i) Common Signal Set Scheme (CSSS): Here all users transmit their tree
coded data (either orthogonal or quasi-orthogonal) simultaneously, using the
same signal set. For codes of constraint length K, the encoder for each
user adds (mod 25 a K-bit portion of a unique pseudo-random sequence to
the K bit shift register into which the data enters. The sum is used to
select a signal sj(t) (9 =0, 1 e ZK -1). This randomization makes other
user interference appear noise-like to a receiver which has a synchronous
copy of the PN sequence used at the corresponding encoder. This scheme has

been discussed in[1,2] for certain quasi-orthogonal § orthogonal tree codes respec-

tively.
(ii) Multiple Signal Set Scheme (MSSS): In this scheme, each transmitting

user is assigned a unique signal set {ss[t), 7 20,1 ces ZK—l} from a

family of mutually quasi-orthogonal or orthogonal signals. Thus, a



Teceiver which has a matched filter bank corresponding to transmitter i's
signal set can decode his transmission. Clearly, the orthogonal case is
equivalent to the use of separate channels for each coded transmission.

On the other hand, reasonable bandwidth expansion, though with some mutual
interference, can be achieved if quasi-orthogonal signals are used. With
quasi-orthogonal signals, the performance will depend on the correlation
properties of the signal family.

Performance curves for the above schemes are derived under the
assumption that other user interference is the dominant cause of channel
errors. The approach is to find an effective signal to nﬁise ratio at
any given receiver and to use this to compute the error probability for a
packet 'L' bits long, using the results obtained in [1]. For the sake of
brevity, only continuous incoherent reception is considered here, although

the corresponding coherent cases can be similarly analysed.



selected signal of the set and a particular signal {so). This will hence

be equal to the cross-correlation between two different signals < S;+ S5 2
d
. i#j
when S5 # Sp° and will be equal to the auto-correlation < S;+ S; 7 when

S; = Sp- The probability of s being o is 1/2K since it is randomly
3 j
selected from any of 2K signals, and the probability of S5 being other
j
than o is 1 - 1/2K. Thus, we introduce random variables Xy sZp where Xy

equal to O with probability 1 - 1/2K and A with probability l/ZK, as in the

is

orthogonal case, and 2y is Kc with probability 1 - 1/2K and AC with prob-

ability 1/2K. as in the quasi-orthogonal case. (K., A_ are the quasi-

II. PACKET ERROR PROBABILITY FOR PROPOSED SCHEMES:

A) Common Signal Set Scheme (CSSS) (Inchocherent):

We assume here that M users transmit Simultaneously on a common channel,
and that receivers detect all the signals with equal strength. In a
signalling interval, user j sends Si.(tJ cos(mot + Bj). si.(t) is the sig-
nal on the code tree sent out by usei j and is assumed to bé any of the
signals {si, i=0,1, .. ZK—I} with equal probability. Oj is a random
phase associated with user j's carrier and is assumed uniformly distributed.
The composite received signal r(t) at any receiver is given by:

r(t) = s. (t) cos (w,t + 8.) + s. (t) cos (w,t + 6,)
i 0 1 i, 0 2 (1)

......... + siM(t) cos (wot + BM}

Referring to the analysis in [1], we recall that the optimum decoder
forms the 'branch metric' corresponding to signal i by passing the re-
ceived signal through a matched filter for s followed by a quadratic
detector in the incoherent case (Fig. 1). Proceeding as in [1], we con-

sider receiver 1 where the signal sent by transmitter 1 is $; = Sp Let
1

rg{to) be receiver 1's matched filter output on the 'correct' channel
(corresponding to the signal 50), at the decision time to. This output

will be composed of a desired term produced by S5 (= 50) and M-1 undesired.
1

interference terms produced by the other users' transmissions. Referring

to (1) we observe that r?(to) is given by

0 _
rlfto) =< s; . sy >cos (mot0 0

. + 81) + < siz. 5 > cos [moto + 92)

+'< 5. . s
i 0

> cos (mot + 0
M

0 M)

(2)



and

0 o 5
y. = A cosB+chose.:A cos 8, + n
¢ c 1 122 i c 1 cq
; M 1 (4b)
y.=A_ sin@,+ ] z. sin®6, 2 A sin6, +n
s C 1 N =3 c 1 sq
i=2
for quasi-orthogonal CSSS.
Hence, the noise variance oz can be found from
M
2 2
%5 = B { Z x, cos 6. } (5a)
i=2
for orthogonal signals
*M
s = E1 Y z. cos 8.}2 (5b)
nq jop 1 i

for quasi-orthogonal signals.
Using the assumption that ei's are uniformly distributed and are

statistically independent of each other and xi, zi, we obtain

2 (M-1) A®
U S eme——

no 2K+1 (6a)

for orthogonal signals

2 (M-1)
nq 2K+1

o K 2
A + (-1 K) (6b)
for quasi-orthogonal signals

This permits computation of an effective signal to noise ratio (S)

4

where the 'moise' is entirely other user interference. Defining u = ACfKC

as the auto-correlation to cross correlation ratio we obtain

{2K+11 102

So = 771! Q)

(o)

for orthogonal CSSS



1/2

S, 2t pd oo (8)

for quasi-orthogonal (CSSS.
If now we assume that the noise produced by a large number of inter-
fering users can be modelled as Gaussian, we can use the above effective

signal to noise ratios to compute the packet error probability, P using

E,
formulas described in Appendix I. This approach has been used to obtain
specific performance curves for the orthogonal CSSS and quasi-orthogonal

CSSS with Gold codes used to form the signal set. These results will be

discussed later and are shown in Fig. 2.

B) Multiple Sjignal Set Scheme (MSSS) (Incoherent):

We analyse this scheme using assumptions similar to those for the
CSSS. However in this scheme, signals emitted by any two transmitting
users are either orthogonal or quasi-orthogonal. If they are orthogonal,
there is no other user interference and the situation is equivalent to
ordinary coded transmission on separate channels. This will require a
very large bandwidth to support a number of users. There will be no
errors due to other user interference.

However, if the signal sets are from a family of mutually quasi-
orthogonal signals all of user j's signals are quasi-orthogonal to those

of user 1, and < s_,(t). S5 (t) > = K.. The  peak matched filter output

; : c
i#F1 ]
on the ! " 1 'correct' channel of receiver 1 is given by
0 M
r (t) = Ac cos (moto + 81) + izz Kc cos (woto + Bi) (9)

Thus, the quadrature components yg and yg are given by



M

y0=A cos 8, + )} K cos 6., 2 A cos 6, +n
c c 1 §22 c i C 1 c
(10)
0 M
y. = A_ sin 6. + Z K sin®, = A sin 6, + n
s c 3 3 c i c 1 s
i=2
L ]
The noise variance 0; can thus be found from
Iy
, M 2 Ki
o =E { .): K, cos 8.} = —— (M-1) : (11)

i=2
assuming ai's to be independent of each other and uniformly distributed.

Hence, the signal to noise ratio S is given by

S=A/fo = Y2 u/ VYM-1 ' (12)

Once again, if the interference noise is assumed Gaussian, the packet error
probability can be computed from formulae in Appendix I. Specific per-
formance curves using Gold codes as the quasi-orthogonal signal family are

shown in Fig. 2.



III.

COMPARATIVE PERFORMANCE OF SCHEMES (using Gold codes as the quasi-

orthogonal signal family):

Gold codes have been widely used for mul;iple access because they
provide large families of sequences with relatively low mutual cross-
correlation. We consider here a specific realization for the schemes
described using Gold sequences and obtain comparative performance curves.
A measure of the multiple access capability of a system is the bandwidth
expansion per user (E) needed to maintain a given error probability PE.
such curves were obtained for the quasi-orthogonal CSSS in [1]. Here, we

consider the (CSSS and MSSS, both orthogonal and quasi-orthogonal.

In [6] it is shown that 2" + 1 distinct Gold sequences, each of
length 2"-1 can be generated with a 2 register Gold code generator of
length n. The corresponding bandwidth expansion is hence 2"-1. The cross

correlation and out of phase auto-correlation are strictly bounded by

2 /2 3 4 oda

|k, | < { (13)

2(n+2)}2 + 1 n even

n # mod 4.

This gives the largest possible cross-correlation for any two members
of the family. If the above value cof KC is used in the expression for
effective signal to noise ratio S, derived in the previous section, per-
formance prediction would be excessively pessimistic. In a multiple
access environment interfering users will be transmitting signals randomly
selected from the Gold code family. With a large number of users, an average
over the family would be more indicative. In [7], Gold shows that the cross-

correlation between two sequences a and b is given by



n

le(a,b) (x)] =1 [when a (¢r) = 1]

= 2(n+1)/2 + 1 [when a (1) = - 1] (14)

n+l)/2

(m odd) or 2 - g

Hence, in an average sense, we can use the approximation,

R /2 4y, (15)

since a (tr) = * 1 with nearly the same frequency for large n. Using the
above results for Gold codes, we compute error probability, PE as a function

of bandwidth expansion per user E, as outlined below.

CSSS Orthogonal: S ( and hence PE for a packet length L) can be found

using (7) for a given number of simultaneous transmissions, M and con-
straint length K. The bandwidth expansion corresponding to a constraint
length K is equal to 2K, the number of orthogonal signals required;

hence E = ZK/M. A curve showing PE vs. E can therefore be obtained.

CSSS Quasi-orthogonal: In this scheme, we note that 2K signals are re-

quired and that with timing information ol g cyclic shifts of 2%+ 1
sequences can be obiained to form (2n + 1). (2n—1) usable signals with a
Gold code generator of length n. We have 22n “.Ip ZK, which yields the
result that n must be at least the integer greater than K/2 [1]. A larger

n means a larger bandwidth expansion ( = . 1, the length of each sequence),
but also a higher auto-correlation to cross-correlation ratio (u). The

bandwidth expansion per user E = (2n - 1)/Mand p = AC/KC is found from

(15) since A, = 2™ - 1. Thus, computing S from (8), PE vs. E can be

obtained.



MSSS Orthogonal:  As mentioned earlier, there is no error due to inter-

ference. The error probability in presence of Gaussian noise can be found

from [1].

MSSS Quasi-orthogonal: In this scheme, in order to support M active

users, M.ZK usable quasi-orthogonal signals are required, for a given K.
The value of n required is thus determined by (2n + 1) (2n =1} & M.ZK
Therefore for a specified n and K, the maximum number of users supportable,

2n—K - 1. Here

even without considering error probability is Mmax = 2
again E = (2“ - 1)/M and u is found from (15). S is given by (12) and

consequently PE can be found as a function of £ with K and n supplied.
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Iv.

il

DISCUSSION OF RESULTS FOR FIXED ASSIGNED SCHEMES

Figure 2 shows curves of packet error probability (L = 1000) vs.
bandwidth expansion per user (E) for various schemes. It can be seen that
these schemes, both orthogonal and quasi-orthogonal, permit several users
to transmit simultaneously with a reasonable bandwidth expansion. It
might be noted that the bit error probability is upper bounded by packet

error probability. A few general observations about the performance of

the schemes can be made here.

(i) The bandwidth expansion per user required to maintain a given error
probability decreases as K increases. This reflects increased coding

efficiency for higher constraint length codes.

(ii) The quasi-orthogonal schemes are more bandwidth efficient than
orthogonal ones. This is of course, highly dependent on the choice of
signal family and its correlation properties. The results justify the use

of quasi-orthogonal schemes in preference to orthogonal ones.

(iii) The quasi-orthogonal schemes need smaller bandwidth expansion per
user as n is decreased for a given K (n > K/2). However, a smaller n

means that fewer simultaneous transmissions can be supported. A reasonable
way to choose n and K for a quasi-orthogonal scheme is to select as large a
K as decoder complexity permits and then select the smallesé n which can
support the required number of users below a specified PE.
(iv) The MSSS Quasi-orthogonal is more bandwidth efficient than CSSS.

However, it has an additional restriction on the maximum number of users

» 22n—K _

- 1. It also requires a receiver to have i banks of matched

: K . s e 2 ..
filters each with 2 filers to decode transmissions from i different users.
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A reservation scheme for multipoint message/packet switching using’

quési—orthogonal tree codes and collision type request channels:

In previous sections, it has been shown that quasi-orthogonal tree
codes can be used for code division multiple access on a wideband channel
in a fixed assigned context. We now consider the use of tree codes
schemes (MSSS and CSSS) for demand assignment or reservation multiple
access.

The question of how to use these tree code schemes to permit multi-
point user to user communication among a large number of low duty cycle
subscribers arises next. Messages among users will be assumed to be
formatted into fixed length (length = L) packets and could consist of one
or more of these packets. Clearly, if the subscribers are not always
active, it is inefficient to assign them to a fixed signal set in
the MSSS. Again in CSSS, it may be desirable to limit the maximum number
of active users in order to keep the error probability within acceptable
limits. A possible solution that requires some network discipline is to
demand assign the tree code schemes in much the same way as TDM or FDM
channels. We assume that the system configuration allows at most 'c'
simultaneous coded transmissions. In the MSSS, this corresponds
to 'c¢' unique signal sets and in the CSSS, to 'c' unique randomizing PN-
sequences. A subscriber wishing to transmit must request a 'channel' and
be assigned a unique signal set (in MSSS) or a unique PN sequence (in CSSS).
We shall refer to the assignment of such a signal set or PN-sequence as a
'channel! for the subscribers transmission.

To realize such demand assignment, a mechanism for handling request

traffic is required. For this purpose, we shall use c. tree coded 'channels'



(out of the available 'c') for requests and c, tree coded 'channels' for
messages. All the channels are slotted and the e tree coded request
channels are collision type - an user who wishes to place a reservation
unconditionally transmits his request packet at the next request slot on
any one of the ';r' channels. If his packet collides with another, he
retransmits after a random scheduling delay. Distributed control is
assumed, where each user continually decodes all c. request channels and
maintains a data base from which he can unambiguously determine his trans-
mission and reception times. A reservation packet will therefore contain
the user ID# of the caller, the user ID# of the called party, the length
of the message in packets as well as optional information such as priority.
For traffic ma;agement, each subscriber maintains a list of active users,
and a waiting user list as shown in Fig. 3. These lists are continuously
updated on the basis of received request packets; active user entries are
deleted at the end of transmissions.

These lists are sufficient for any subscriber to keep track of the
state of the system. Moreover, they permit the use of an arbitrary
scheduling algorithm other than FCFS or LCFS since each user has a list of
waiting requests and their message lengths. Another advantage of main-
taining the above list is that any potential caller knows in advance
whether his intended called party will be busy when his turn arrives.

This can eliminate the need for busy signals or acknowledgement traffic
for this purpose.

A simpler realization would be to store only the number of packets
for transmission using a LCFS or FCFS queue. This means that a. user
would need to set a flag to keep track of messages intended for him on

hearing the request packet on a reservation channel. Another flag weould



