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1 INTRODUCTION

Rapid and continuous development of the process technologies and device miniaturization imposes
enormous challenges on designers and CAD tools. The classical synchronous paradigm became very
difficult to achieve due to the problems in clock tree generation and timing closure. For mixed digital-
analog designs, the challenges are even harder. Analog systems are very sensitive to the noise
introduced by the digital components. Therefore, additional methods must be used for lowering of EMI
(Electromagnetic Interference). The GALS (Globally Asynchronous Locally Synchronous) methodology
has been proposed as a solution for the system integration many years ago [MUTO0O]. There have been
some proposals to use the GALS methodology also for EMI reduction [GR5]. It has been shown on
several examples that asynchronous design can significantly reduce EMI in comparison to the classical
synchronous design. One example is an asynchronous design of an ARM9 processor called Amulet 2
[FR99]. There are also some initial studies regarding the GALS approach for EMI reduction [GR5]. They
have shown that the GALS systems can achieve EMI reduction up to 20 dB in comparison with a
synchronous design. In time domain, the noise peaks can be lowered up to 40%. However, the real on-
chip measurements [KGS05] have shown smaller EMI reduction.

Additionally, those activities were not systematic and have been focused only on specific design
cases, not taking into consideration GALS as a general methodology for system integration. The
technology advance and further device miniaturization increases a demand for deep investigation of
EMI because of its detrimental influence on a whole system performance.

Moreover, there are no dedicated tools to model EMI in GALS and synchronous circuits on a high
abstract level. It is needed to have the possibility to predict at least approximate values of EMI in
designed digital systems. In synchronous systems, which are much more evaluated because of their
wide application, it is easier to estimate EMI. There are many investigations showing the possibility of
reduction of EMI in synchronous systems by adding clock skew and phase modulation of the clock
[BLO4, BAO6]. However, adding a clock skew or a phase modulation of a clock to a synchronous chip
demands additional work and sometimes generates very difficult problems in timing closure.

The aim of this work is facilitating crossbenchmarking of EMI features for GALS and synchronous
design style. It is important to make such EMI analysis, which would let system designers choose
optimal solutions to their needs. A first step to make this is to a create software able to model and
evaluate EMI in synchronous and GALS systems. In this report, we would like to present a software tool
able to simulate the EMI behavior caused by clock activity in GALS and synchronous systems on a very
high abstract level. This tool is able to model additional features, such as introduced jitter, and phase
shifting that can be embedded into GALS or synchronous systems in order to reduce EMI characteristic.

This tool enables performing many simulations in order to investigate the best way to reduce EMI in
GALS and synchronous circuits. Several GALS topologies have been evaluated and compared to their
synchronous counterparts.
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3 EMI IN DIGITAL CIRCUITS

3.1 SOURCE OF EMI IN DIGITAL SYSTEMS

EMI in digital systems is caused by the simultaneous switching of logic components. Each active edge
of a clock pulse, in a synchronous system, triggers all flip-flops that generate noise. This triggering is not
exactly at a same moment because of the clock tree and its skew that spreads triggering of the flip-flops
in time. EMI generated by the digital circuits can be analyzed in the easiest way by evaluating the
source current shape. Reduction of EMI is possible in several ways including improvement of physical
elements. However, we have focused here only on a modification of a clock behavior by adding jitter or
a fixed phase to each sub block.

In order to build an exact model of any digital system, we need an accurate current shape
profile. It is very difficult to define the current shape for each digital block and in each clock cycle, when
the system is defined on a very abstract HDL level. The current profile varies significantly in each
design. Moreover, it can change from cycle to cycle depending on activity and processing load. An
important issue is to model the current profile in a particular clock cycle. In [BLO4] it is shown that for
digital systems triangular modeling of the current shape can be used. In Figure 1 triangular supply
current is presented both in time-domain and frequency-domain, as given in [BLO4]. Value Ip is a
current peak, tr is a rise time, tf is a fall time. However, different clock cycles may have totally different
current shapes depending on the logic activation in the digital block. In principle, the triangular model
cannot always satisfy the real behavior of the system. For some complicated cases, we could model the
current profile as a superposition of several triangular shapes.

Envelope
(a) (b) I(f) Term
/\\/’ Corner
Frequency

_ Ip ‘/ Oscillating
g : . Term

] ) >

tr tr+tf  Time fc Frequency (f)

Figure 1: Triangular approximation of the supply cu rrent in (a) time-domain
(b) frequency domain

In order to confirm this we have modeled realistic digital synchronous circuits consisting of
complex sequential stage (512 flip-flops), combinational logic (813 basic combinational cells), reset and
clock tree (369 buffers). We have modeled such system in 0.25 um CMOS technology from IHP and
simulated it in different scenarios in Cadence Spectre. Some results are shown in Fig.2. The current
shape from 2a) can be modeled with the triangular shape but for 2b) a more appropriate model would
be the superposition of two triangles.
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Figure 2: Analog current profile simulation using O .25 um CMOS process

3.2 REDUCING EMI IN DIGITAL SYSTEMS

Two techniques are mainly applicable to reduce EMI in synchronous systems by modifying
clock behavior [GRO5]. First we can add a clock phase shift to each LS block. Phase shift decreases the
current peaks for a whole circuit, thus reducing EMI.

Additionally, we can add jitter to the clock source. Jitter introduces a phase modulation (rapid
phase fluctuations) to a clock wave from cycle to cycle influencing EMR (Electromagnetic Radiation)
[BAO4]. It modifies slightly, up to a defined part of a period, the starting point of a rising edge, while the
time of the high level stays constant. Hence, jitter can increase or decrease the clock period for a cycle
but generally the average base frequency remains the same.

In Figure 3 we gave a summary of methods that can be applied for EMi reduction regardless of the
design style (GALS or synchronous). GALS systems are considered as a system of sub blocks that can
operate with different frequencies. Thus, applying a phase shift to a GALS sub block would have no
impact on EMI reduction, since phase shifting is in nature of GALS systems. For that reason, GALS
chips are divided into the traditional ones and low-EMI GALS with jitter applied. On the other hand, the
synchronous systems can be divided into the traditional ones and low-EMI. A traditional synchronous
system represents a circuit with one clock domain. In order to lower EMI in synchronous systems three
add-ons are possible:

. Jitter
. Phase shift
. Jitter + phase shift
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Chip design
Synchronous GALS
Traditional Low-EMI Traditional LE}VXEQ/H
Synchronous

5 Synchronous GALS (with jitter)

Synchronous

Synchronous Synchronous Ty s
with jitter with phase shift with jitter and
phase shift

Figure 3: Reducing EMI for synchronous and GALS sys  tems

3.3 JITTER GENERATOR

Generally, jitter consists of Pseudo Noise Generator (PNG) and Delay Element (DE), as shown
in Fig. 4. Pseudo noise generator is responsible for selecting random delay. The delays are created by
a Delay Element that consists in propagating variably delayed signal. However, triggering a Pseudo
Noise Generator by an output clock of jitter generator is hazardous. The glitches can occur between two
different cycles due to the lack of proper setup time of the Pseudo Noise Generator. A better way to
handle this depends on adding an extra delay to the Delay Element. That delay would last longer than a
maximal possible jitter size. Thus, the Pseudo Noise Generator would have enough time to set properly
its outputs before the next cycle of the clock input occurs. This approach is presented in details in

Figure 7.
Clock Input Clock Jitter
r's '—'b
L PNG
UL
'*' Trigger
Figure 4: Structure of the jitter generator
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Bits Feedbadk polynomial Period
n 2" 1
4 x*+x3+1 15
5 xZ+x3+1 31
6 x®+x2+1 63
7 x +x8+1 127
8 xB+xC+x+x*+1 255
9 x%+x°+1 511
10 xP+x"+1 1023
11 xMt+x%+1 2047
12 xPaxMexP¥ext+1 4095
13 xB+xPexT+x®+1 8191
14 x4+ xBxPex2+1 16383
15 xP+x¥+1 32767
16 xPC+xPxBaextteq 65535
17 x+x¥+1 131071
18 x®B+xt+1 262143
19 xP+xBxex+1 524287
Table 1: First 19 polynomials of LFSRs

To build a digital jitter generator, a Linear Feedback Shift Registers (LFSR) can be utilized as a
Pseudo Noise Generator (PNG) [GRO5]. In GALS systems with a pausable clock, we can only add jitter
to a system. Integrating a phase shift would be a useless procedure. Variable phase shift is already
present there by the nature of the GALS methodology. Linear Feedback Shift Register is a shift register
that generates pseudo-random sequences. LFSR structure is based on polynomials (some of them are
given in Table 1). It generates a new input bit by applying a linear function to some of the previous
states called taps. There are only two linear functions: xor and inverse-xor. In LFSR the former one is
commonly used. The initial state of LFSR is called seed. Seed is a sequence of bits in registers after a
reset of a system. Because LFSR is deterministic, it is possible to determine the next and the previous
state from the current set of bits. Therefore, it is recommended to use different seeds for jitter
generators in order to avoid the same jitter behavior for each block. Moreover, the seed with all Os is
forbidden because LFSR would be permanently in idle state. It is possible to create both hardware and
software versions of the LFSR.

The period of the LFSR depends on the number of bits it contains. It can be determined from
the equation: 2" — 1, where n is a length of LFSR. LFSR feedback can depend on two or more taps as it

is presented in table 2.1. There are two types of LFSR:
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Fibonacci LFSR — a new input bit is created by at least two taps. Signals from that taps are
XORed and the value is placed in front of the shifter (Figure 5). The last bit is pushed out and all
other bits are shifted to the right.

1 11 1314 16
1O 1 O/ 1O/O|I|I|1 OO0 0 I

O

Figure 5: 16-bit Fibonacci LFSR. The feedback tapn  umbers correspond to a
primitive polynomial in table 1. Hence, the registe  r's maximum period equals to 65535
states excluding the all-zeroes state which is forbi dden

Galois LFSR — In contrast to a Fibonacci LFSR, in Galois LFSRs the taps are XORed with the
output bit before they are placed in the next register (Figure 6). In particular, when an output bit
is equal to “0”, then all taps preserve their values. The register is only shifted to the right and the
output bit “0” becomes a new input bit. On the other hand, when the output bit is “1”, then all
taps change their value and the register is shifted to the right. The new input bit is “1”. Galois
LFSR does not calculate each tap in order to produce a new input bit. Thus, it is faster and
calculations can be processed in parallel reducing the propagation time.

16 14 13
Lo raol >

Figure 6: 16-bit Galois LFSR. The register numbers  correspond to the same

primitive polynomial as the Fibonacci instance in F igure 2.10 but are presented in

reverse to the shifting direction. Here also the re  gister's maximum period equals to
65535 states excluding the all-zeroes state which is forbidden.

1

1 1
|1 [o]o]1]1]|1]o]o]|o]|O] |H

The Galois LFSR is commonly used in digital circuits. However, for conducting research and
simulations it does not matter which solution is chosen.
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O

Figure 7: Sample jitter generator

In order to create a programmable Delay Element (DE) a chain of invertors or buffers can be
utilized. The whole solution for a reasonable jitter generator is presented in Figure 7. It consists of:

Clock generator (input clock signal)

Chain of delay elements (each contains two invertors)

Multiplexer

4 bit LFSR

The aim of multiplexer is to select an appropriate delay line that will be propagated to the

output (CLKOUT). The LFSR is triggered by the last additionally delayed clock signal (CLKDLY) to
avoid any metastability and glitches that could occur at the output of jitter.

Ikt _testidkaut 0 8 S Sy O B S I S 1
Iik_testickin L ) S Oy B N I S 1
fjit_testienable 1

fjic_testiresst 1

fii_testfdutjck_dy |0 8 S N O B U I S 1
fii_testfdutjck_max 1 81 [ S I O I [ I [ S A | S N B =
i _testidutfsel 00000001 0000000 Jooo01000 [ jooo0ootojppooooat Jo00:0000 {Pb000100 JPo00gdooi0 Jponooopt
Jjit_testdutfrxtsel (00000001 000... 00001000 00000010 |joo00o001 Joo010000 [ Jooo00100 Jobooooio fpoodooot

Jjit_test{dut shifter  [1100000 011...)000111] Jooooiil [J0o00oil  Jopooool  Jj100d000  joi0000f  JD010000 | jD001000  JOp00100  Jo00doio  Jioooodl
Jjit_testidutjcoded  |000 11 joil Joot Jooa fi00 Toin ot Jooo

Figure 8: Behavioral simulation of a jitter generat  or
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An outlook of a behavioral simulation of the jitter generator described before is presented in
Figure 8. Clk_max (corresponding to CLKDLY signal in Figure 7) is a signal that triggers the LFSR. It is
the maximally delayed signal in order to prevent glitches occurring. Moreover, the LFSR is triggered
when all the clock signal (input and output) are in the low state. Thus, there is enough time for registers
to complete proper setup. The Sel signal represents a value of LFSR. Although it contains 4 bits, only 3
are used (the coded signal) in order to select 1 out of 8 delay lines that is propagated to the output. It
can be clearly observed, that during each cycle, the delay of output clock is propagated according to the
selected delay element.

delay line _ width of delayed
- high_state (ps) (ps)
MIN | 00000001 5178 207
00000010 5100 357
00000100 5131 479
00001000 5071 635
delay
00010000 5101 751
00100000 5043 906
01000000 5070 1019
MAX | 10000000 5011 1175
Table 2: Properties of jitter generator

The proposed jitter generator is synthesized using IHP 0.13 um CMOS library and successfully
simulated. In the table above (Table 2) there are presented results of simualtions of the pseudo random
jitter generator at the netlist level. The input clock was 100 MHz (10 ns cycle). “Delay_line” describes
which delay is selected. Next, all properties of every delay element are presented. “Width of high_state”
describes how long the logic '1' in the output signal lasts. It can be observed that the values are not
equal. Comparing to the input clock, which high-state last exactly 5 ns, the output clock’s high-state is a
little bit extended. The extension varies from 11 ps up to 178 ps. In the third column, the delay between
input clock and output clock transition from logic '0' to logic '1' is presented. Although the delay
increases when higher delay element is selected, the increment is not linear. A distinction between two
adjacent delay line outputs is not constant. We can assume that the average difference equals to
130 ps and is equal to the propagation time of two combined inverters.

With 100 MHz input clock and 8 delay elements in the delay line, the maximal reduction of an
input clock is 10 %. However, replacing delay line with only 4 delay elements would let us to use 200
MHZ input clock with the same maximal reduction of the input clock (10%). There is also a possibility to
replace current delay elements (2 combined inverters) with dedicated delay elements. But their
propagation time should be shorter than the solution with inverters. In this way would be possible to
improve a resolution of a jitter.

3.4 MODELING EMI IN DIGITAL SYSTEMS

In order to evaluate EMI features of the digital systems caused by the digital clock behaviour, we have
generated a special software tool called "GalsEmilator". GalsEmilator is a program created in Matlab in
order to investigate EMI in various types and topologies of GALS systems (including synchronous
solutions). It contains many options to model, as precisely as possible, the parameters of each
GALS/synchronous system. Hence, we are able to observe the noise behavior in frequency and time
domain. The GUI of this software is given in Fig. 9.
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Figure 9: GalsEmilator — software to model EMI ins  ynchronous and GALS systems

In the developed tool, we were trying to enable modelling different current shapes for different
clock cycles. In software it is possible to describe up to five different current profiles and specify the
probability of their appearance in the system. For each block of the synchronous system, we can also
set: a clock phase shift (in respect to the global clock frequency) and additional jitter. For GALS
modules, we can model extra clock jitter and also model pausable clocking [MUTOQ] as a dominant
technique for low-EMI GALS circuits.

Simulator description

Figure 10 presents an UML activity diagram for GalsEmilator. It shows the way in which the
software should be handled properly. All actions to run a successful simulation are presented step by
step.

First of all, it is possible to select, in the simulator GUI, a chip type. There are two previously
described designs: GALS or Synchronous approach. In particular, after selecting a synchronous system
it is impossible to select several options that are intended for GALS system e.g. “pausable clock”.
Moreover, in GALS system, each sub block’s frequency have to be specified, whereas in synchronous
system only one is necessary.

Up to five current profiles can be described in the GUI by specifying their shapes in percents.
Hence, every current shape will be recalculated according to block’s frequency and sampling frequency
creating a matrix of values for every block. Moreover, it is necessary to specify current shape
occurrence probability for each of blocks. The values determine how many times per 100 cycles every
shape is going to occur. Usually, the equally distributed numbers are placed because, for general tests,
it is difficult to define real figures. Next, current waves for sub blocks are calculated in a time domain
according to the blocks’ frequencies, current profiles and their probability. Hence, the current waves are
composed with a number of single patterns.
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At that moment there is possible to define one wave per block. Each wave can be additionally
modified according to the features that are described later. Further, all waves are summed into one final
wave of a whole chip. The FFT (Fast Fourier Transform) is used in order to move the final wave from
the time domain into the frequency domain. After the transformation, it is possible to observe the whole
spectrum and the EMI reduction in several ranges of frequency:

. 0 — 0,2 GHz (without 0)
. 0,2-0,4 GHz
. 0,4 - 0,6 GHz
. 0,6 - 0,8 GHz
. 0,8-1,0 GHz
. 1,0- 1,2 GHz
. 1,2-1,6 GHz
. 1,6 -2,0 GHz
. 2,0 - 3,0 GHz
. 3,0-4,0 GHz
. 4,0-5,0 GHz

The ranges of spectrum in the lower frequencies are shorter because the values change more
rapidly. On the other hand, in the higher frequencies the spectrum is more flat. Thus, the ranges can be
relatively wider. The values of a spectrum are presented in dB regarding the total current supply
indicated as current peaks per each sub block.

The second set of options that influences the look of a waveform for each sub block is
“Features”. It is possible to set:

. clock phase shift of each sub block (useful only with a synchronous design)
. jitter

. pausable clock (possible only for GALS systems)

. sampling multiplier

. signal length

Clock phase shift option contains additional text input box, where each shift of a block is defined
in percents. This feature moves a wave in time according to an indicated fraction (percents) of its
period. It can be useful when a mesochronous system is investigated regarding EMI.

Jitter introduces a phase modulation (rapid phase fluctuations) to a waveform. It modifies
slightly, up to the defined part of a period, the starting point of a rising edge, while the time of high level
stays constant. Hence, jitter can increase or decrease frequency for one cycle but generally the base
frequency remains unchanged. With the simulator GUI it is possible to select between random jitter, that
uses the Matlab embedded random number generators (with the period of (2'°°*"-1)/2) and LFSR
(Linear Feedback Shift Register). Selecting the LFSR method is necessary to specify also the LFSR
length and the resolution of delay chain. The LFSR length determines a number of bits used to create
LFSR, thus the length of the period of a jitter is defined. The resolution of delay chain describes how
many possible states of jitter will be applicable for an input clock signal.

Pausable clock option allows simulating GALS wrappers that can stop a clock in order to
confirm the handshake operation. It is necessary to specify occurrence probability of a pause and a max
delay (fraction of a cycle). The delay length can vary in each step because it is randomized. The length,
that is specified, indicates only the worst case.

The two last options are focused indirectly on the whole final wave. Sampling multiplier
describes how many times faster would be the sampling frequency in comparison with the highest
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frequency of the blocks. It is suggested to remember that the lowest possible sampling frequency is
twice the highest measured waves’ frequency (the Nyquist—-Shannon sampling theorem). However,
usage of the lowest sampling frequency is not recommended because each cycle of the fastest sub
block would be modelled only with 2 points. The suggested sampling multiplier is 200, although 100
would be also enough. The latter one is sufficient because a currant shape of the fastest module will be
modelled with 100 points that is usually enough to present every detail. However, the higher sampling
multiplier the more adequate model but also the longer time of computations. The difference in results
between that two sampling multipliers was insignificant but not every case has been investigated.
Moreover, we can set the signal length. The signal length describes how long will be modelled signal in
points.

It should be noticed that each point of a waveform is calculated according to the sampling
frequency. Generally, if there would appear a significant difference between two simulations, the signal
length should be extended. It ought to reduce the variations between simulations with the same settings
caused by several random values e.g. pausable clock or jitter generated by the Matlab random method.
If the sampling frequency is too low, it might be also necessary to increase its value in order to improve
results.

At the bottom of the GUI two small graphs are present. Although they are embedded into a GUI,
there are extra options (checkboxes) that allow user creating the separate flexible charts. Then, all
parameters of a chart can be modified. The latter graph shows a current wave in the time domain. The
former displays the same wave in a frequency domain after Fast Fourier Transform. The values
presented in the chart are compared with the sum of current peaks and presented in dB. Additionally, it
is possible to specify the range of frequencies that will be displayed in a chart in order to investigate a
fixed area. It facilitates the signals comparing and further evaluation.
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Figure 10: UML model of GalsEmilator
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3.5 GALS AND SYNCHRONOUS SYSTEM MODELLED IN GALSEMILATOR

Our model of GALS with pausable clocking allows us to simulate GALS wrappers that can
pause the clock in order to perform a handshake operation. The behavior can be modeled by setting a
probability of pause occurrence and a maximum delay of the pause. The delay is variable and,
therefore, in our model it is randomized.

All simulated results, as shown in Fig. 9, can be observed and analyzed both graphically and in
a generated table. The complete software has its own user-friendly GUI.

We have utilized our software to model and evaluate EMI of different GALS and synchronous
systems. For the GALS approach, we have concentrated on the pausable clocking scheme, that is very
commonly used even in today’s GALS NoC systems [MUTO0O, BEIO8]. In order to exactly model the
clock behavior of the GALS system, all evaluated systems have been described in VHDL and simulated.
The clock behavior is automatically extracted from the simulation using our software tool. Data is
directly fed to the EMI analyzer and evaluated. Such extension of our tool was necessary in order to
achieve one-to-one matching to the real system behavior of the GALS interfaces. Especially, it was
difficult to extract, without real simulation data, clock behavior during the data transfer process between
the GALS blocks when clocks can be paused.

D-type trans. out port
Lo ut suen 3df-d

Figure 11: Sample of connection between two adjacen  t LS blocks used in models

In our VHDL models, we have used D-type output and P-type input GALS ports [MUTO0O0] as
shown in a Figure 11. 'Demand Type' (D-type) ports pause the clock immediately after receiving request
from the Locally Synchronous (LS) block. For the input side, 'Poll Type’ (P-type) ports have been used.
The standard handshake operation between adjacent GALS modules was completely modeled in our
simulation. The behavior of the clocking changes dramatically with the intensity of the data transfer
since the clock pausing appears only during the data transfer process. Therefore, we have modeled
three different scenarios of the system behavior:

A. Low data transfer, where the data transfer is performed relatively rarely (once per 6 clocks in
the example we were using)

B. Medium-to-high data transfer, where half of the clock cycles are involved in data transfer

C. Burst mode, where more than 80% of the clock cycles are data transfer related.

Topologies of the evaluated GALS systems: In our evaluation four different structures of GALS
circuits have been analyzed as shown in Figure 12. We have analyzed different system topologies.
Here, we have taken into consideration point-to-point (a), star (b) and mesh (c) topologies. In order to
check if a granulation can influence the reduction of EMI, we have also examined the star with a large
number of blocks (d). The goal was to evaluate different interconnect structures and to see their impact
on EMI in GALS systems. The arrow in the Fig. 12 indicates a direction of handshake and data transfer.
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Figure 12: Topologies of models: a) point-to-point b) star c) mesh d) large star

System parameters of the model: For the system modelling, we have defined a base frequency
which is a median for all other derived clock frequencies in the system. We needed such a frequency to
be able to compare a synchronous system that normally has just a single clock domain with a GALS
system that is usually triggered with different clocks. In our model this base frequency was 50 MHz.
GALS systems can be implemented very differently. Some systems may use very similar clock
frequencies for local blocks (plesiochronous clocking). On the other hand other systems may have
totally different LS clock frequencies. Generally, we used 3 different frequency sets for modules in our
GALS systems. The first set represents plesiochronous operation where the frequencies of each block
are almost the same as the base frequency. In the second set, the difference is higher and in the third
one, we have frequencies ranging up to a ratio of 1:3.

It can also make a difference which block has the slowest and which block the highest
frequency. In particular, for the star topology, if the slowest block is in the centre, the complete system
will be very slow and vice versa. We have tested, therefore, the star topology with both slow and fast
setting.

In all cases, we have used 10 GHz sampling frequency. This sampling is quite sufficient for the
systems we were modelling since the current profile with 50 MHz clock was represented as 200 points
in simulation. In the model, we have used equal probability of occurrence for each of the five modelled
current shapes. Also, we have used the same jitter settings for each simulation, with the LFSR length of
15 bits. The sum of the current peaks in all cases was the same in order to correctly compare results. In
the 4-module systems we have defined that the peaks were 100 mA, 400 mA, 200 mA, and 300 mA. In
10-module systems the distribution was following: 2 X 200 mA, 4 X 100 mA, 4 X 50 mA.

3.6 COMPARING SYNCHRONOUS AND GALS SYSTEMS

Synchronous system: In Figure 13, we can observe the EMI characteristic and its reduction in
synchronous systems. In particular, we can see the EMI reduction in the synchronous system with a
jitter applied. As we can notice, the jitter reduces only higher frequencies starting from 400 MHz. It has
no significant influence to the lower spectral range. However, to achieve the reduction, the circuit should
be able to be immune to 10% jitter, what is not so easy in a synchronous design, both for hold and
setup time optimization. Moreover, Fig. 13 shows the effect of adding a phase shift to a system. We
have modelled case with 10 different synchronous sub-blocks with optimized phase shift. By introducing
a phase shift to a circuit, we can alleviate EMI in a low frequency range, thus reducing current peaks.
The high frequency spectrum remains not significantly changed compared to a basic synchronous
approach. The tests were conducted also with a combination of jitter and phase shift. The results are
very promising because they incorporate advantages of both features. However, it would be a real
challenge to guarantee safe data transfer between blocks in such synchronous system.
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Figure 13: EMI characteristic in the synchronous sy  stems

In Figures 14 and 15 the single-sided amplitude spectrums are presented. The former figure presents a
spectrum of a totally synchronous 10-module design. The latter one presents the same system with the
phase shift and the jitter feature applied. A significant lowering of envelope can be observed. Moreover,
the peaks in a system with phase shift and jitter are almost totally prevented. There are only few in a low
range of frequencies. In order to alleviate them, it would be necessary to reduce current peaks in a
system, which is not a trivial task.

Figure 14: Power spectrum of supply current for the pure synchronous circuit
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Figure 15: Power spectrum of supply current for the 10-module synchronous circuit
with added jitter and phase shifts distributed: 0%, 50%, 20%, 40%, 70%, 90%, 10%, 30%,
60%, and 80%

Evaluating GALS systems: Figure 16 represents results of comparing two sets of frequencies with
medium data transfer and also showing the behaviour for low granularity systems (4 GALS blocks) and
high granularity systems (10 GALS blocks). We can observe that plesiochronous systems can achieve a
significant EMI reduction in the high frequency range. However, it doesn’'t improve EMI for low
frequency operation. On the other hand, the GALS system, with a larger difference of frequencies,
reduces much better EMI of low frequencies in a spectrum, still preserving good parameters for higher
frequencies. The test performed on various transfers rate with the same frequencies has shown very
low differences in EMI reduction. The range of the result variations didn’t exceed 5 dB.

Figure 16: EMI characteristic in GALS systems with different frequencies set and
jitter
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Figure 16 shows the EMI reduction in GALS systems with added jitter. We can observer that
there is almost no impact of jitter at low frequencies. It remains almost the same as in GALS systems
without jitter. However, the higher frequency range is more attenuated giving a better reduction of EMI.
Every set of frequencies has a similar spectrum starting from 400 MHz and we can observe reductions
around 15 dB.

Comparing different topologies of 4-modules GALS systems: point-to-point, mesh and star, we
have noticed a similar behaviour. There is a very little influence of data rate transfer intensity on EMI
reduction. The most important parameter is the frequency of LS blocks. The more frequency spread, the
better EMI reduction in the lower spectrum. Moreover, in each case jitter has a positive effect on
reduction of EMI. It significantly reduces higher frequencies in a spectrum. The average reduction of
EMI for all 4-module topologies in comparison to a totally synchronous system is around 20 dB starting
from 400 MHz.

We can extract similar results from a star topology with more satellite blocks. However, we
notice a greater difference in EMI reduction after adding jitter. The worst results are observable with the
frequencies set, where the center block is the slowest one. The best results, in respect to EMI, are
achieved when the center block is the fastest one. Hence, we can conclude that the most reasonable
architecture from the point of view of the performance, with the fastest center block, is also the most
appropriate approach for EMI reduction.

We have also compared the effect of block granularity to the final results. Comparing 4-module
and 10-module GALS system, we can observe the better results for the more granular design. In Figure
16 this can be clearly observed. The gain reduction is around 5 dB. In general, it means that the finer
the granularity of the system the better reduction of EMI.
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Figure 17: Comparing the results from Synchronous a nd GALS systems

In Figure 17 combinations of both systems are presented. We have selected a standard
synchronous system, synchronous system with phase shift and jitter, and a GALS system with high
block granularity and with jitter. We can notice that the results of the low-EMI synchronous system are
around 5 dB worse than the GALS system with the best EMI characteristic. In the low-EMI GALS
system EMI is reduced around 25 dB compared to the classical synchronous approach.

If we use absolutely best results from synchronous approach (perfect matching of the clock phases of
each sub-block, avoiding any overlap) the comparison results between low-EMI GALS and low-EMI
synchronous became very similar with very slight differences. This is shown in Fig. 18. However, such
synchronous system would be difficult to be implement and it will cause very big design effort to plan
and implement such careful clocking of the system with correct timing closure.
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Figure 18: Comparing the best results from Synchron ous and GALS systems

If we compare the differences in time domain for the classical synchronous and the low-EMI
GALS system (10 blocks, star topology with jitter), we can observe 40% current peak reduction.

3.7 CONCLUSIONS

In this section, the GALS methodology was investigated in order to evaluate the ability for EMI
reduction. We have generated a software tool based on Matlab to simulate EMI properties of the digital
GALS systems. It supports simulations of GALS/synchronous systems with different granularity,
frequencies, current shapes, topology, and other parameters. Using the software, we have modelled
different GALS and synchronous systems in order to evaluate different topologies, architectures and
EMI reduction techniques.

The results show that the reduction of high spectral components can be successfully achieved
with jitter introduction. EMI at low frequencies can be reduced by a phase shift introduction for
synchronous systems. However combining those two features would be hard in synchronous systems
because of data transfer between blocks. In GALS systems, phase shift is already present by the nature
of the GALS methodology. Local clock generators also naturally generate clocks with jitter, but this
feature of ring oscillators was not deeply analyzed here. In this work, we have modelled explicit jitter
introduction with the special jitter generators based on LFSR structures. By adding jitter in a GALS
system, we can achieve a significant reduction over whole spectrum, not affecting the functionality of a
system. The reduction of over 20 dB can be achievable, as illustrated in the results. Moreover, the
current peaks in time domain can be reduced up to 40% in GALS systems. We have found that there is
almost no correlation between EMI reduction and data transfer intensity (i.e. clock pausing rate) in
GALS modules. The greatest impact has the used set of frequencies and the granularity of GALS
partitioning.

Finally, comparing low-EMI synchronous solutions and GALS methods, we can conclude that
low-EMI GALS approaches give better results than synchronous approaches and similar to low-EMI
synchronous approaches.
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4 GALS FFT DESIGN FOR EMI REDUCTION

4.1 FFT STRUCTURE

The block diagram of the pipelined 64-point GALS FFT processor is shown in Fig. 19. To minimize the
hardware complexity, the 64-point FFT is divided and conquered by two cascaded 8-point FFT
computation. For each 8-point FFT, the novel Radix-23 FFT algorithm is developed and utilized, which
has 3 stages of the butterfly (BF) structure. Based on this architecture, only one complex twiddle factor
multiplier is required to perform pipelined 64-point FFT.

— D P D P LN| b P
Port Port Port Port w Port Port
1 3
clkl clk3,

Ring Shift Jitter Ring Shift Jitter Ring Shift Jitter Ring Shift Jitter
Osci Gen Gen Osci Gen Gen Osci Gen Gen Osci Gen Gen

Figure 19: GALS FFT Processor

4.2 FFT ALGORITHM AND ARCHITECTURE

To reduce the electromagnetic interference (EMI) of the digital circuits, in particularly the power and
ground bounce caused by the simultaneous switching noise (SSN), which is critical for analog/digital
mixed circuits design, the pausible clocking based GALS design is implemented as shown in Fig. 19.
Each synchronous block is surrounded by an asynchronous wrapper, which consists of a local clock
generator and a number of asynchronous 1/0O ports. By exploring the clock modulation on each block,
significantly reduction in the sharp peaks of the system supply current, and consequently the bounce on
the power and ground rings, can be expected.

4.2.1 System Partition

There are totally seven functional sub-modules in the pipelined 64-point FFT processor, including six
butterfly structures and one complex multiplier. To reduce the peaks on supply current, these sub-
modules have been grouped and partitioned into four synchronous blocks according to the power and
current consumption. To estimate the power consumption accurately, the dynamic power analysis is
performed based on the simulation waveforms of the synthesized netlist using the IHP 0.13um CMOS
standard cells library. Tab. 3 presents the partition scheme of the GALS FFT processor, where each
block has the similar contribution to the system power and current consumption.
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Sync. Block 1 Sync. Block 2 Sync. Block 3 Sync. Block 4
Function BF Stage 1 BF Stage 2/3 Complex Mult. BF Stage 4/5/6
Area ™ 38556um” 46119 pm° 47459 pm® 40547 pm°
Number of FF 651 637 173 362

Averag((ze) power 1.2mw 1.5mw 1.2mw 1.7mwW
Average current ImA 1.25mA ImA 1.4mA

Note: (1) Reported by Synopsys DesignCompiler;
(2) Reported by Synopsys PrimeTime at 80MHz working frequency.

Table 3: GALS System Partition

4.2.2 Clock Modulation

Two techniques of the clock modulation, phase modulation and frequency modulation, have been
applied to the pausible local clock signals of four synchronous blocks.

Phase Modulation

For each pausible clock generator, its output clock is first propagated through a programmable delay
line. By programming the delay line, the rising edge of each clock can be shifted independently. These
clock shifting results in the spread on the switching activities of the synchronous blocks, and therefore,
the sharp peaks on the system supply current will be reduced substantially. In the experiment, the clock
signals of four synchronous blocks are shifted and evenly allocated within the clock period, as shown in
Tab. 4. For instance, the evenly distribution of supply currents of four synchronous blocks is clearly
illustrated in Fig. 20.

Sync. Block 1 Sync. Block 2 Sync. Block 3 Sync. Block 4
Table 4: Clock Phase Modulation
Figure 20: Current Profile of four synchronous bloc ks

Phase modulation is also applied on the traditional synchronous design to re-shape the supply current,
where the intended clock latency and clock skew are introduced in the global clock tree networks to
spread switching activities. However, due to the setup-time and hold-time constraints, the clock phase
modulation is restricted in a rather small range (typically less than 5%TCLK). On the contrary, attributed
to the asynchronous communication between blocks in the GALS design, there is no constraint on the
phase modulation of synchronous blocks (25%TCLK in the experiment for example). It means that
phase modulation can be optimized in terms of minimum peaks on current in GALS designs.
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Frequency Modulation

Another approach to reduce EMI/SSN is to randomize the working frequency of the digital circuits,
which spreads the supply current in spectrum. In the experiment, clock jitter is introduced to modulate
its frequency. Fig. 21 depicts a jitter generator and the corresponding clock period variation. The output
clock from the phase modulator is propagated through a set of delay lines with different length, and a
multiplex is employed to select a delay version of the input clock as the output clock. Simply changing
the control coding scheme of the multiplex, we can modulate the clock jitter in diverse modes using this
structure, such as linear modulation or pseudo-random modulation. However, to achieve different jitter
modes, the control coding scheme needs to be designed carefully to avoid any potential glitch on the
output clock. The single-hot coding is utilized to modulate the clock in a triangular (linear) mode, in
which the clock period T¢ changes from (T¢k-4DELTA) to (T x+4DELTA) with a modulating
granularity DELTA=0.15ns. To further randomize the frequency of the system, four local clocks are
initialized with different offsets on T¢ k.
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counter Towin Numgye

xc=

Tewn-4*DELTA

Figure 21:  Triangular modulation of clock frequency

4.3 SIMULATION RESULTS

To compare the performance of synchronous FFT and GALS FFT in terms of EMI/SSN, we develop a
test model in MATLAB. The information about system partition and clock modulation on each block is
used in the model to generate the current profile. Fig. 22 presents a comparison in the spectrum of
supply current from 0 to 20GHz in two modes. It can be observed there is an in average more than
10dB attenuation in the frequency domain by utilizing clock modulation based on GALS design with
respect to the traditional synchronous design.
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Figure 22: Comparison in current spectrum with MATL AB simulation

4.4 TEST CHIP

The pipelined 64-point FFT processor is fabricated in the IHP 0.13um-1.2v sixfold-metal standard
CMOS technology. The die size is 1730 um x 1730 pum with 52 IO pads, as shown in Fig. 23. The chip is
packaged in a 64-pin PQFP, and the packaged chip is successfully tested and measured in July, 2009.

Figure 23: Die micrograph of the GALS FFT processor

For this chip we have measured the supply voltage (Vdd) in frequency domain when the chip worked
in different modes. The comparison of the Vdd spectrum is shown in Fig. 24, and the corresponding
reduction in dB in the spectral peaks is shown in Fig. 25.
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Figure 24: Spectrum of the Vdd in | Synchronous mod e, Il Synchronous mode with
clock jitter, Il GALS mode, and IV GALS mode with  clock jitter
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Figure 25: Reduction in the spectral peaks at p-th clock harmonics

(Red line: synchronous mode with clock jitter, Blue line: GALS mode with clock jitter)

What we can observe from the measurement is that even relatively simple GALS system
introduces significant EMI reduction (11 dB of the main peak). Additionally, jitter introduction
reduces further, especially higher harmonics. What those measurements also show is a great
matching between our simulation model and actual chip behaviour. Simulated EMI gain was
around 10 dB and measured was 11 dB.
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APPENDIX A - TABULAR RESULTS

Table A.1 Results of simulations for the 4-module synchronous system with and
without jitter, with different sets of phase shift per each module.

Smulation number 1 2 3 4 5 6
0 0 0 0 0 0
Phase Shift [%9 0 0 25 10 25 10
Parameters per module 0 0 50 20 50 20
0 0 75 30 75 30
Jiter no yes no no yes yes
0-0,2 -19,266 | -20,911 | -38,326 | -26,955 | -37,013 | -28,956
0,2-0,4 -50,995 | -50,961 | -50,611 | -57,427 | -51,096 | -59,151
0,4-0,6 -60,040 | -71,238 | -59,456 | -64,011 | -71,909 | -78,081
0,6-0,8 -62,290 | -75,838 | -63,504 | -69,757 | -79,454 | -80,120
Reaults[dB] at 0,8-1,0 -63,447 | -81,782 | -70,576 | -69,803 | -85,667 | -85,040
11 frequency 10-12 -66,817 | -85,797 | -74,782 | -73,943 | -89,179 | -89,896
ranges[GHZ] 1,2-16 -72,299 | -89,600 | -72,439 | -76,089 | -89,468 | -91,792
1,6-2,0 -75,947 | -92,372 | -82,053 | -77,902 | -95,816 | -96,143
2,0-30 -80,009 | -95,863 | -87,967 | -86,892 | -101,444 | -102,396
3,0-4,0 -83,066 | -97,496 | -87,387 | -87,952 | -103,999 | -102,210
4,0-5,0 -86,643 | -101,018 | -91,662 | -91,776 | -105,797 | -105,717
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Table A.2 Results of simulations for the 10-module synchronous system
without jitter and with different sets of phase shift per each module.

Smulation number 1 2 3 4 5 6
0 0 0 0 0 0
0 10 15 50 5 60
0 20 30 20 10 20
. 0 30 45 40 15 40
P'E?Ze;:'ﬂ 0 20 | 55 | 70 | 20 | 75
Parameters modle 0 50 65 90 25 90
0 60 75 10 30 10
0 70 85 30 35 30
0 80 90 60 40 50
0 90 95 80 45 70
Jtter No No No No No No
0-0,2 -19,278| -33,041]| -35,070] -42,044] -26,955| -36,794
0,2-0,4 |-51,274|-67,965(-58,918|-61,637|-64,110(-65,274
0,4-0,6 |-59,970(-68,189(-68,639|-68,274|-75,435(-68,269
0,6-0,8 |-62,390(-79,134|-67,663|-75,408|-77,665(-71,965
Results[dB] at 0,8-1,0 |-63,611|-76,339(-76,843|-76,737|-70,948(-78,316
11 frequency 10-12 -66,955| -85,213| -81,802| -82,516| -76,458| -78,853
ranges [GHZ] 1,2-16 |-72,674|-81,339|-82,537|-81,193| -90,063| -82,046
16-2,0 |-76,151|-84,173|-83,701|-87,209]| -79,243|-86,272
2,0-3,0 |-80,085(-88,758]-89,020(-89,372|-89,077|-88,846
3,0-4,0 |-83,193|-93,482|-91,448]-95,889(-90,218(-93,130
40-50 [-86,707(-96,920(-93,799(-96,049(-97,077| -96,247
D11 IHP_revl Report on EMI reduction.doc Pace: 33/41



GALS InterfAce for CompleX Digital

GALAXY

SYstem Integration

Confid. Level: Public
31/07/2009

Date :

Issue:

1

Table A.3 Results of simulations for the 10-module synchronous system with
jitter and different sets of phase shift per each module.

Smulation number 1 2 3 4 5 6

0 0 0 0 0 0

0 10 15 50 5 60

0 20 30 20 10 20

Phase 0 30 45 40 15 40

Shift [99 0 40 55 70 20 75

Parameters per 0 50 65 90 25 90

module 0 60 75 10 30 10

0 70 85 30 35 30

0 80 90 60 40 50

0 20 95 80 45 70

Jtter Yes Yes Yes Yes Yes Yes
0-0,2 | -20,901 | -34,635 | -36,376 | -44,060 | -28,874 | -36,676
0,2-0,4 | -51,404 | -70,979 | -65,346 | -62,629 | -63,603 | -69,739
0,4-0,6 | -71,022 | -81,382 | -79,825 | -80,151 | -81,716 | -78,909
Results [dE] 0,6-0,8 | -76,858 | -84,816 | -80,273 | -84,584 | -85,068 | -85,429
at 11 0,8-1,0 | -83,644 | -89,221 | -85,644 | -88,150 | -87,576 | -88,943
frequency 1,0-1,2 | -87,615 | -91,213 | -91,230 | -92,167 | -92,272 | -91,347
ranges[GHz] 1,2-1,6 | -93,427 | -94,838 | -94,941 | -94,052 | -95,064 | -95,376
1,6-2,0 | -97,266 | -99,955 | -100,103(-100,758| -99,724 | -101,259
2,0-3,0 | -99,273 | -105,752( -102,950( -104,180| -103,732]| -104,225
3,0-4,0 | -97,915 | -107,702| -105,553( -107,306 | -104,378| -107,682
4,0-5,0 |-101,820(-110,562(-108,908( -109,817| -110,086| -110,414
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Table A.4 Simulation results for the 4-module GALS point-to-point topology
system without clock jitter, with different sets of frequencies (1, 2, 3) and various
data transfer scenarios (A, B, C) described in details in the previous chapter.

Smulation type Al A2 A3 Bl B2 B3 a Q@ a
Modles 49,50 4545 100,00 | 4950 | 4545 | 10000 | 4950 | 4545 | 100,00
frequendes 51,02 62,50 50,00 5102 [ 6250 | 5000 | 5102 | 6250 | 50,00
Parameters [MH 50,00 50,00 33,33 5000 | 5000 | 3333 | 5000 | 5000 | 3333
49,02 41,67 50,00 4902 | 4167 | 5000 | 4902 | 4167 | 5000

Jtter no no no no no no no no no
0-0,2 1753 | 2577 | 2146 | -1847 | -2155 | -2528 | -1886 | -2652 | -27,57
02-04 6048 | 6043 | -4558 | -5890 | -5742 | -5168 | 59,39 | -5869 | -5556
04-0,6 67,70 | 6142 | -6110 | -6891 | -6250 | -6182 | 67,77 | 61,70 | -62,65
06-08 6765 | 6752 | -7058 | -7138 | -7053 | -7006 | -71,33 | -70,10 | -67,93
Reslits[oBlat | 08-1,0 71,79 | -7050 | -69,70 | -7130 | -6962 | -71,36 | -7083 | -71,94 | -7586
11 frequency 10-12 1506 | -7226 | -7245 | -1517 | -71226 | -1331 | -71,26 | -7057 | -77,70
ranges[GHz] 12-16 8078 | -7422 | -7A97 | -8001 | -7537 | -7587 | -8118 | -7886 | -77,70
16-20 8423 | 829 | -7873 | -8503 | -8155 | -8039 | -8515 | -79,95 | -80,64
20-30 87,72 | 8423 | -8235 | -8716 | -8545 | -8470 | -8839 | -8432 | -89,80
30-40 -8992 | 8835 | -8503 | -89,74 | -8867 | -8858 | -9L67 | 87,71 | -83,60
4,0-50 925 | 918 | -8665 | -9364 | -8927 | -8979 | 9436 | 9220 | -9047
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Table A5 Simulation results for the 4-module GALS point-to-point topology
system with clock jitter, with different sets of frequencies (1, 2, 3) and various
data transfer scenarios (A, B, C) described in details in the previous chapter.

Smulation type Al A2 A3 Bl B2 B3 c @ a
Modules 49,50 4545 100,00 4950 | 4545 | 10000 | 4950 | 4545 | 100,00
frequendes 51,02 62,50 50,00 51,02 | 6250 | 5000 | 51,02 | 6250 | 50,00
Parameters M 50,00 50,00 33,33 50,00 | 5000 | 3333 | 50,00 [ 5000 | 3333
49,02 41,67 50,00 4902 | 4167 | 5000 | 4902 | 4167 | 5000

Jtter yes yes yes yes yes yes yes yes yes
0-02 17,92 | -2529 22,35 1942 | 2172 | 2630 | -19,76 | 27,24 | -2812
02-04 61,15 | -64,35 -45,86 6098 | 5691 | 52,83 | -6304 | -5818 | -56,58
04-06 1940 | -72,58 68,25 -1849 | -7196 | 6955 | -77,72 | -7215 | -72,28
0,6-08 1984 | -81,19 -/553 | 8102 | -8248 | -7712 | -81,20 | -8L87 | -7858
Rewults[oB] at 08-10 -8445 | -8596 -81,25 | 8543 | 833 | 8297 | -86,72 | 8554 | -87,33
11 frequency 10-1.2 -89,28 | -89,06 -8813 | 8908 | -8934 | -8863 | -8819 | -878L | -9045
ranges[GHz] 12-16 90,15 | -91,80 91,13 | 9032 | -9238 | 89,78 | -90,39 | 91,09 | -90,85
16-2,0 -96,07 | -96,61 -96,78 | 9818 | -9663 | 9568 | -98,78 | 96,62 | -97,/5
20-30 -103,03 | -100,85 | -10191 | -102,89 | -9995 | -100,39 | -10293 | -100,83 | -103.19
30-4,0 -104,85 | -10574 | -104,94 | -10599 | -102,70 | -102,65 | -105,50 | -104,65 | -105,03
40-50 -106,21 | -108,10 | -10524 | -108,88 | -108,63 | -10517 | -108,85 | -107,72 | -107,69
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Table A.6 Simulation results for the 4-module GALS star topology system without
clock jitter, with different sets of frequencies (1, 2, 3) and various data transfer
scenarios (A, B, C) described in details in the previous chapter.

Smulation type Al A2 A3 Bl B2 B3 a Q a
Modes 4950 | 4545 | 100,00 | 4950 | 4545 | 100,00 | 49,50 | 4545 | 100,00
frequentes 51,02 | 6250 | 5000 [ 51,02 | 6250 [ 5000 | 51,02 [ 6250 | 50,00
Parameters Mk 50,00 | 50,00 | 3333 | 5000 | 50,00 | 3333 | 5000 [ 5000 | 3333
4902 | 4167 | 5000 | 4902 | 4167 | 5000 | 4902 | 4167 | 50,00

Jtter no no no no no no no no no
0-0,2 -29594 | -31,436 | -21,429 | -28166 | -28482 | -21,408 | -28512 | -26,089 | -21,552
02-04 | 56,463 | -57,989 | -45,662 | -62,223 | 57,368 | -45071 | -64,846 | -53,779 | -48.274
04-06 | 69641 | 64,104 | -61,000 | -67,984 | 65123 | 60,967 | -65,671 | -65850 | -61,196
Resuls [} 06-08 | -74062 | -69,078 | -64,816 | -72,390 | -72,640 | -64,657 | -74371 | -69,390 | -67,272
a1l 08-10 | -73,987 | 68,310 | -69,363 | -74,164 | -75438 | 69,595 | -74)597 | -76,344 | -69,639
frequengy 10-12 | -77992 | -74516 | -70,127 | -73479 | -75438 | -70,189 | -73,825 | -72,954 | -69,810
ranes[GH 12-16 | -80,848 | -76,297 | -74,870 | -80975 | -80,271 | -75303 | -80,472 | -80,437 | -75,124
16-20 | -84/453 | 85182 | -79,153 | -86,205 | -87,235 | -79,399 | -81,098 | -87,603 | -79,660
20-30 | 90,791 | -83,953 | -83445 | -89,896 | -85495 | -83,350 | -88,347 | -84,090 | -83,303
30-40 | -87,988 | 91,433 | -85870 | -89,981 | 92,228 | -85967 | -89,401 | -92291 | -86,060
40-50 | -95431 | -90,652 | -88,693 | -94,915 [ 91,612 | -83334 | -94,072 | -92,653 | -89,001
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Table A.7 Simulation results for the 4-module GALS star topology system with
clock jitter, with different sets of frequencies (1, 2, 3) and various data transfer
scenarios (A, B, C) described in details in the previous chapter.

Smulation type Al A2 A3 Bl B2 B3 (o] Q a3
Modules 49,50 45,45 100,00 49,50 45,45 100,00 49,50 45,45 100,00
frequendes 51,02 62,50 50,00 51,02 62,50 50,00 51,02 62,50 50,00
Parameters MH] 50,00 50,00 3333 50,00 50,00 3333 50,00 50,00 33,33
49,02 41,67 50,00 49,02 41,67 50,00 49,02 41,67 50,00
Jiter yes yes yes yes yes yes yes yes yes
0-02 -29,819 | -31,263 | -22,401 | -29,582 | -28,314 | -22,445 | -29,259 | -25,824 | -22,537
02-04 -58,908 | -62,834 | -46,463 | -66,001 | -60,176 | -46,930 | -63,019 | -55391 | -46,327
04-06 -78,294 | -73901 | 68,077 | -79,170 | -74,171 | -68,709 | -77,566 | -77,183 | -67,540
Resuts[dB) 0,6-08 -82,108 | -82,058 | -75,346 | -81,696 | -82,659 | -75,798 | -81,821 | -82,742 | -76,636
a1l 0,8-1,0 -87,151 | -82,684 | -80,228 | -84,713 | -86,894 | -82,193 | -86,504 | -85,745 | -81,737
frequenty 1,0-1.2 -88,086 | -89,592 | -88,126 | -87,230 | -89,080 | -87,790 | -88,260 | -88,407 | -89,100
ranges[GHz] 12-16 -90,875 | -91,505 | -88,981 | -92,096 | -92,257 | -89,914 | -91,365 | -93,563 | -90,791
16-2,0 -96,363 | -95,866 | -95,681 | -98,094 | -97,416 | -94,235 | -96,129 | -97,631 | -96,085
2,0-3,0 | -103,206 | -100,060 | -98,603 | -103,679 | -101,748 | -100,863 | -103,909 | -102,268 | -98,503
3,0-40 |-102,074 | -105,492 | -104,125 | -105,230 | -105,225 | -104,347 | -104,956 | -106,565 | -104,455
4,0-50 | -105,408 | -107,423 | -106,061 | -106,862 | -107,005 | -106,578 | -107,506 | -109,483 | -106,464
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Table A.8 Simulation results for the 10-module GALS star topology system without clock jitter, with
different sets of frequencies (1, 2, 3, 4, 5) and various data transfer scenarios (A, B, C) described in
details in the previous chapter.
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Table A.9 Simulation results for the 10-module GALS star topology system with clock jitter, with different sets of
frequencies (1, 2, 3, 4, 5) and various data transfer scenarios (A, B, C) described in details in the previous
chapter.
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Table A.10 Simulation results for the 4-module GALS mesh topology system with
and without clock jitter, with different sets of frequencies (1, 2, 3) and various
data transfer scenarios (A, B, C) described in details in the previous chapter.

Smulation type Al A3 Bl Al A3 Bl
Modles 49,50 100,00 49,50 49,50 100,00 49,50
frequendes 51,02 50,00 51,02 51,02 50,00 51,02
Parameters MHZ] 50,00 33,33 50,00 50,00 33,33 50,00
49,02 50,00 49,02 49,02 50,00 49,02
Jtter No No No Yes Yes Yes
0-0.2 -22549 | -31,153 | -31,065 | -23,100 | -31,560 | -32,871
0,2-04 -62,128 | -57,696 | -61,142 | -63,955 | -61,369 | -65,947
0,4-06 -66,104 | -61,660 | -67,406 | -78,733 | -68,726 | -78,082
0,6-08 -68,687 | -76,876 | -69,748 | -81,142 | -81,489 | -80,773
Results[dB] at 08-1,0 -73,144 | -74,394 | -72,414 | -86,687 | -87,911 | -87,991
11 frequency 10-1.2 -714170 | -76,292 | -77,263 | -88,148 | -89,529 | -89,284
ranges[GHz] 12-16 | -81,088 | -76,292 | -82,348 | -90,837 | -89,657 | -91,013
16-20 -84,847 | -80,164 | -85,353 | -97,867 | -97,965 | -98,955
2,0-3,0 -88,271 | -83,279 | -88,073 | -102,841 | -100,620 | -102,852
3,0-4,0 -89,759 | -88,640 | -92,691 | -104,642 | -103,720 | -105,548
4,0-5,0 -92,726 | -89,946 | -94,149 | -106,855 | -107,371 | -109,490
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