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Abstract—We teport on the design and performance of high-
speed pseudorandom sequence generators for nonreturn-to-zero
(NRZ)-signals. The hardware is based on multiplexer circuits that
multiply the data rate of a 5 Gb/s psendorandom sequence to, re-
spectively, 10 and 20 Gb/s. We employ multiplex-techniques based
on the *“cycle-and-add property” of pseudorandom sequences,
The circuitry incorporates special high-speed silicon chips and
is fabricated in both microstrip and coplanar waveguide technol-
ogy. The experimental results demonstrate the feasibility of our
approach.

1. INTRODUCTION

N RECENT years, the demand for optical transmission

systems has been increasing rapidly and there exist signifi-
cant efforts to improve the transmission capacities. In general,
higher bit rates can be achieved both by improving the bit rate
of single-channel systems, which multiplex the signal in the
time domain (TDM-systems) as well as by using multichannel
systems, which multiplex the signals in the wavelength domain
and therefore multiply the bit rate of each channel by the
number of channels (WDM-systems) [1]. The total bit rate
attainable with a combination of TDM and WDM is expected
to be in the Tb/s range [2]. Since there are several possibilities
to overcome the dispersion problems which prevent a further
increase of the bit rate of TDM-systems [1], and since the
respective electronic components can be provided [3], it seems
possible to realize TDM-systems operating with data rates of
40 Gb/s or more within the next years.

The present work arose from a requirement of high-speed
pattern generation for the development of an optical 20 Gb/s
data transmission system (Fig. 1). A device under test (DUT)
is experimentally tested by the use of a pseudorandom se-
quence as a test string. Fast pseudorandom sequences can be
obtained by multiplying the data rates of sequences which are
derived from low-speed pulse pattern generators using special
multiplex-techniques [4], [5] and considering the “cycle-and-
add-property” [6]. For a reasonable hardware implementation
it is important that long delay times are avoided by the use
of EXOR operations in order to maintain the maximum word
length at the output of the multiplying stages.
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Fig. 1. Application of the pseudorandom generator.

In Section II, the multiplex-technique is described and
applied to a standardized sequence [7] using a length of
L = 223 _1b. Based on the multiplex-technique and applying
the high-speed chips described in Section III, Section IV
introduces a circuit which generates a 10 Gb/s pseudorandom
sequence. Then, the generation of a 20 Gb/s sequence utilizing
coplanar waveguide technology is described yielding finally a
20 Gb/s pseudorandom sequence.

II. OPERATIONAL PRINCIPLE

By splitting a pseudorandom sequence into even and odd
clock cycles, one gets two new identical sequences with
a different phase and the data rate divided by two [4],
[5]. Inverting this procedure and combining two identical
but phase-shifted sequences in a multiplexer the data rate
of the sequence is doubled. By an analogeous procedure
we can multiply the data rate by 4,8,---,2n — 1, with n
being the number of shift register stages which produce the
pseudorandom sequence. The length of the sequence is derived
from n as I = 2™ — 1. Since in the following we are interested
in multiplying the data rate by two, we will treat only the first
case. If we asume the multiplexing of two identical sequences
{ax} and {by}, the element a; has to be followed by the
element b;_(; 1y/2 [5]. Otherwise at the higher data rate
we will obtain no pseudorandom sequence. Calculating the
power density spectrum of the output sequence by Fourier
transforming the autocorrelation function, we obtain [8]
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Fig. 2. Power density spectra (phase shift v is set to, respectively, 0, 2 and
7b, L = 15).
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Fig. 4. Block diagram of a multiplexer stage with delay lines.

where L is the length of the sequence. The integer p is given
by

-1
N

with Af, Ty, and v being the distance of discrete spectral
lines, the time duration of one single bit, and the phase shift
in bits, respectively. Fig. 2 illustrates that only multiplexing
sequences with the correct phase shift produces the desired
pseudorandom output sequence. In this example, L is set to
15. ‘
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Fig. 5. Implementation of the EXOR-gate using a multiplexer.
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Fig. 7. 10 Gb/s block diagram.

If we have to deal with long sequences, the required phase
shift of (L — 1)/2 bits cannot be implemented directly, e.g.,
by the use of a delay line. To overcome this problem, we
make use of the “cycle-and-add-property” of pseudorandom
sequences [6] which is as follows. Modulo 2 adding of two
identical but phase-shifted pseudorandojm sequences produces
the same sequence with a different but well-defined phase.
There are several algorithms to calculate the combinations
necessary to obtain a special phase of the output sequence [4],
(51, [91-[12]. According to Eier and Malleck, the generation of
pseudorandom sequences can be described as the quotient of a
decoupling polynomial H (D) that determines the phase of the
sequence, and a feedback polynomial A(D) that determines
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Fig. 8. Eye diagram of the 10 Gb/s output sequence.

Fig. 9. 20 Gbfs circuit.
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Fig. 10. Eye diagram of a 5 Gb/s input and a 20 Gb/s output sequence.

the characteristic of the sequence itself. This quotient can also
be written as the infinite series
H(D)

—_— = 0 1 e = s
A(D) moD® ® mi D' @ ZmTD. (3)

r=0
Separating this series in even and odd clock cycles as is
described above, we obtain

H(D) = 27" - 27’
VI Mo D™ | + D - Map 41 D" 4)
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using two series composed of D? terms and thus yielding at a
lower data rate. Since these series must be identical with the
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Fig. 12. Block diagram of the structure producing the 20 Gb/s sequence.

original one [5] (not considering data rate and phase shift),
they can be described using the same feedback polynomial
A(D). Therefore, we can substitute

EOO: 2r __ G(D2)
r=0 mQTD Bl A(Dz) (5)
5 . _UDY
s m27~+1D2 et j4*'(-D—2). (6)

On the other hand, inverting this procedure by combining two
slower ones, the generation of a fast sequence is described by

H(D) _G(D? U(D?)
A(D) _A(D2)+D'A(D2)' N

For these kinds of polynomials, we have [6]
(P(D))? = P(D?) ®)

yielding the slower sequence
G(D2) - (H(D) ’ A(D))evem (9)
D-U(D?) = (H(D) - A(D))oda- (10)

Since we do not have to consider the phase of the generated
sequence, we define

H(D) =1. (11)

Applying this procedure to the CCITT standard sequence
given in [7], we obtain

G(D) =1+ D®, (12)
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Fig. 13. Block diagram to generate a 20 Gb/s pseudorandom sequence.

U(D) =D (13)
represented by the block diagram shown in Fig. 3. Since we
do not have access to the internal shift register stages, the
three different sequences are provided by delayed versions of
the output sequence (Fig. 4)

III. CIRCUIT PRINCIPLE

For the realization of the 20 Gb/s pseudorandom multiplier,
circuits were used, which were fabricated in a silicon bipolar
laboratory technology [13]. The circuits are based on E*CL-
logic in differential operation. An excellent performance is
achieved because all inputs and outputs are terminated with
50 € on-chip resistors providing very good matching and
reducing the time-jitter. Furthermore, the circuits work with
only a single supply voltage of —5 V consuming 280 mW of
power.

The EXOR-gate was built using a multiplexer-chip, where
the clock is used as the first input of the EXOR and the
combination of data 2 and the inverted data 1 is used as the
second input (Fig. 5).

IV. EXPERIMENTAL RESULTS

A circuit providing a 10 Gb/s pseudorandom sequence
was realized in microstrip technology on a standard alumina
substrate (Fig. 6). The NRZ input signal is split into three
paths 1, 2, and 3, using a resistive and therefore broadband
power divider. The signal of path 1 is fed to an EXOR gate
circuit whose second input is the NRZ input signal delayed by
9b. The output signal of the EXOR chip is one of the input
signals of the multiplexer. The second muitiplexer input signal
is given by the NRZ input signal delayed by 11b. The delay
times are provided by external coaxial lines and consider the
different lengths of the signal paths on the substrate. In order
to achieve equal power levels, an 8 dB attenuator was inserted
into the line connecting the power divider and the multiplexer
chip. Since the EXOR-chip produces an inverted replica of
the delayed sequence, an additional inverter was provided to
correct the second input signal of the multiplexer. The use
of external delay lines additionaly provides a feasible way to
overcome crossings in the signal paths, that are necessary due
to the given contact pads of the chips. During the experimental
stage of the work, the delay times are provided by variable

> >

—
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delay lines. Once tuned correctly, they are then replaced
by appropriate coaxial lines. Both the 5 Gb/s input-and the
multiplexer clock-signal are fed via blocking capacitors. At
the four edges the chips are contacted to ground pads which
are connected to the substrate ground by several via holes. The
chips, which here are operated single-endedly, are contacted
by bond wires. To keep these as short as possible in order to
avoid matching problems, the chips are mounted into holes in
the alumina substrate.

To synchronize the pseudorandom sequence generator, the
bit error detector and the multiplexer, a frequency divider stage
is used to provide appropriate clock signals [14]. Fig. 7 gives
the complete block diagram including the frequency divider
and delay lines as well as the generator and the detector. Fig. 8
shows the eye diagram of the 10 Gb/s output sequence.

A further structure using two multiplexers generates a 20
Gb/s sequence (Fig. 9). In this case the input signal is split
into two paths 1 and 2, which are fed to the multiplexer chip.
One of the two signals is delayed by 750 ps while passing
an external coaxial line. Due to the high data rate, the second
multiplexer stage is operated differentially, thus improving the
symmetry of the output sequence. The two output signals OUT
and OUT of the first multiplexer stage are treated the same
way as the first input signal, i.e., they are split up and fed
to the inputs datal, data2, and datal, data2, respectively. A
symmetric output signal requires an exact symmetry of the
two dalay lines, which produce a time shift of 1.3 ns. The RF
interconnection lines were fabricated in coplanar waveguide
technology. This enables tapering the waveguides toward the
chips while maintaining the characteristic impedance of 50 €.
Therefore matching not only of the impedance but also of
the field profile is achicved. Another advantage of coplanar
waveguide technology compared to microstrip lines is that a
better performance can be achieved with respect to dispersive
effects [15], [16], which can not be neglected at these data
rates and transmission line lengths. To synchronize the single
stages, all clock signals are provided by a frequency divider
stage. Figs. 10 and 11 show respectively the eye diagram and
portions of the 5 Gb/s input and of the 20 Gb/s output signal.
Fig. 12 gives the block diagram of the circuitry producing the
20 Gb/s sequence.

Fig. 13 gives the block diagram of a circuit generating a 20
Gb/s pseudorandom sequence. Additional EXOR-chips in both
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stages enable differential and therefore symmetrical operation
of all important chips. Also the use of additional inverters
is then unnecessary. Connections are made using coplanar
waveguides that are tapered to contact both the chips and the
plugs. Delay times are provided using external coaxial lines.

V. CONCLUSION

We succesfully used a multiplex-technique to multiply the
data rate of a 5 Gb/s pseudorandom sequence to 10 Gb/s. A
20 Gb/s circuitry permits the derivation of a block diagram
of a circuit which enables the generation of a 20 Gb/s
pseudorandom sequence using the same operational principle,
operating all chips differentially, and employing coplanar
waveguide technology.
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