Low power system on chip bus encoding scheme
with crosstalk noise reduction capability
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Abstract: Inter-wire coupling is a major source of wire load and delay faults for on-chip buses
implemented in ultra-deep submicron system on chip (SoC) systems. Elimination or minimisation
of such faults is crucial to the performance and reliability of SoC designs. A novel on-chip bus
encoding scheme targeting high-performance generic SoC systems is presented. In addition to
its efficiency in terms of power, the scheme reduces delay faults by completely eliminating the
most critical type of crosstalk coupled switched capacitance. The authors describe the technique
and its implementation (using the widely adopted AMBA-AHB SoC bus standard) and provide
experimental results indicating 22—36% energy saving for systems implemented in 0.18 pum

CMOS technology.

1 Introduction

The scaling of complementary metal-oxide-semiconductor
(CMOS) technology to ultra-deep submicron has increased
the sensitivity of CMOS technology to various noise
mechanisms such as crosstalk noise, power supply noise,
leakage noise and so on. Of all these, the crosstalk noise
because of capacitive coupling is dominant, as it causes
delay faults, logical malfunctions and energy consumption
on long on-chip buses. The coupled capacitance (C;)
between long parallel wires has several times larger magni-
tude than the wire-to-substrate capacitance (C;). In addition
to its dependence upon technology as well as structural
factors such as wire spacing [1], wire width, wire length
[2], wire material, coupling length, driver strength [3],
signal transition time and so on, the coupled capacitance
also depends upon the data-dependent transitions and will
increase or decrease depending upon the relative switching
activity between adjacent bus wires [4]. For the case in
which three adjacent wires undergo opposite state tran-
sition, the coupled capacitance on the centre wire
becomes four times the coupled capacitance in case only
one wire changes state, whereas all others remain silent.
This increase in C; causes four times increase in delay
and energy consumption (because of four times increase
in crosstalk noise) compared with single wire change [4].

Previous low-power coding schemes aimed at reducing
the node switching activity for low power [5—7]. This is
efficient for off-chip buses where node capacitance is
several times larger than the coupled capacitance and
where impedances are properly adjusted to reduce crosstalk
noise. However, for on-chip buses, the major source of
energy consumption is the inter-wire coupled capacitance
and therefore its minimisation is necessary for saving
energy consumption.
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Reducing the inter-wire coupling capacitance without
eliminating any type of worst-case crosstalk (type-4, type-3
and type-2, discussed in Section 2) will result in low
power, but will not reduce the maximum bound on delay
penalty that limits the performance and reliability of high-
speed on-chip buses. The CBI scheme in Kim et al. [§]
reduces the net coupled switched capacitance but does not
eliminate any type of worst-case crosstalk. This implies
that from delay perspective, the method is not much advan-
tageous over the unencoded data. The scheme in Victor and
Keutzer [9] is well suited for reducing crosstalk only as the
coding eliminates all worst crosstalk types. However, there
is no guarantee that the method will also be power efficient.
The encoding scheme presented in this paper targets the
crosstalk problem from both power and delay perspectives.
It transforms the incoming data in such a way as to elimin-
ate two worst crosstalk types (type-4 and type-2). As type-3
is a combination of a type-1 and a type-2 coupling, eliminat-
ing type-2 automatically reduces type-3. By doing so, the
worst-case delay in signal transition will be eliminated
and the delay will now depend on the crosstalk which is
less severe. At the same time, the scheme provides power
reduction by minimising self and coupled switched capaci-
tance. The work presented by Lyuh and Kim [10] is well
suited for both power efficiency and elimination of all
types of worst crosstalk (type-4, type-3 and type-2).
However, as the method exploits the probabilistic infor-
mation of the data stream, it cannot be applied to a data,
the statistical properties of which cannot be known
a priori, and therefore cannot be applied to generic SoC
systems. The work by Tiehan et al. [11] exploits the locality
and temporal correlation that exist in address buses for both
low power and reducing interconnect coupling. However,
the method cannot be applied to data buses that are
neither local with regard to data nor temporally correlated.
The work described in Bertozzi et al. [12] uses Hamming
code for crosstalk error correction and/or detection. The
work provides a comparison from power saving perspective
between two strategies. The first is error correction because
of crosstalk noise and the second is retransmission of the
data, in case error is detected, at the cost of extra clock
cycles. The author has proved that the retransmission is
power efficient compared with error correction with the
underlying assumption that the retransmission is error
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free. The work in this paper is an attempt to eliminate/
reduce the root cause of the errors by manipulating the
data and restricting those transitions that are the genesis
of the crosstalk errors. The work is also targeted to high-
throughput applications which will not tolerate wasting
extra clock cycles. The method proposed in this paper is
unique and novel in the sense that it targets reduction of
self and worst crosstalk coupled switched capacitance for
achieving two design goals (low power and improved
error immunity as a result of reduced crosstalk noise).
The method is well suited to generic high-speed data
buses and does not require prior probabilistic information
of the input data stream.

2 Energy expression formulation

This section presents four types of crosstalk by taking
three adjacent wires into consideration. The classification
of the crosstalk into types is done to emphasise two
aspects of the encoding scheme. The first is elimination/
minimisation of worst crosstalk and second the energy
efficiency.

For a 3-bit bus, a type-1 crosstalk occurs if either wire 1
or wire 3 changes state, for example, a transition from 110
to 111 will cause a type-1 crosstalk. For type-1 crosstalk,
the coupled capacitance is C;. A type-2 crosstalk occurs if
the centre wire is in opposite state transition with one of
its adjacent wires, whereas the other wire undergoes the
same state transition as the centre wire, for example, a tran-
sition from 001 to 110 will cause a type-2 crosstalk. For this
type of crosstalk, the coupled capacitance will be 2 - C;. A
type-2 crosstalk can also arise for the case in which the
centre wire changes state, for example, the transition from
000 to 010. A type-3 crosstalk occurs if the centre wire
undergoes opposite state transition with one of the two
wires, whereas the other is quiet. A transition from 101 to
110 will cause a type-3 crosstalk and the coupled capaci-
tance of the centre wire in this crosstalk will be 3 - C;.
For the case of type-4 crosstalk, all three wires move to
opposite state with respect to each other and their previous
bus state. A transition, for example, from 101 to 010 will
cause a type-4 crosstalk and the coupled capacitance of
the centre wire rises to 4 - C;. Type-4, type-3 and type-2
are the worst crosstalk [13].

Sotiriadis and Chandrakasan [14] have given approxi-
mate energy function for the self and coupled switching
activity considering lumped model of the bus. The same
lumped model (Fig. 1) is considered here for three adja-
cent wires. The model is used to provide expression for
the energy consumption when each type of crosstalk is
considered alone and then to derive energy expression
when all types of crosstalk coupling occur together. The

Fig. 1 Lumped model of the on-chip bus
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energy expression for a 3-bit bus can be expressed as
Ey=Co A+ (07 =)= Ay =1b- 11 (la)
Ey=CrA=A- (/[ =)+ (1420 (; = V3)

—A-(VE vy vk (10)
Es=Cp-(=A- (VS =V)+U+B)-(Vi=VD}- Vi (lo)
E=E +E +E; (1d)

Here, V1, V5, V5 are final and Vi, Vi, V% are the initial
states of the three wires, respectively. vi Ve, Vg, 1
V5, V3 can be either Vyq or 0. E;, E,, and E; represent
energy for wires 1, 2 and 3, respectively. For a 0.18 pm
CMOS technology and minimum distance between wires,
the ratio of coupled capacitance (C;) to wire-to-substrate
capacitance (C;) is A = C;/C, = 3.2 [15]. Equation (1d)
gives the total energy consumption for a 3-bit bus. For a
type-4 crosstalk (101-to-010), the energy consumption on
the 3-bit bus can be found by using (1d) and is given by

E=Eo-(1+4-)) )

where Ey_.; is the energy consumption because of self
transition and is equal to C,V3q. Equation (2) implies
that for a type-4 crosstalk, the energy consumption is
increased by 4A. From (2), we have E/Eg_.; =144 A,
which gives the net switching activity on the 3-bit bus
which in this case consists of one self (0-to-Vyq) and one
type-4 coupled switching activity. The contribution of
the type-4 switching to net switching activity is 4A. The
energy consumption therefore depends upon the self and
type-4 switching activity. If we take N clock periods and
let N4, and N, be total self and type-4 switching activity
in the time interval [0, N], the net switching activity will
then be (N4 +4-Ny-A) and from (2), the total energy
consumption is

E=FEo.1 - (Ngx +4-Ny-X) (3a)

Similarly, it can be shown that the total energy drawn from
the power supply during the interval [0, N] in the case of
type-3, type-2 and type-1 couplings occurring alone will be

E=FEj,1 - (Nx+2-Ny-A) (3c)
E=FEy,1-(Nix+1:-N;-X) (3d)

where N3, N, and N; are, respectively, type-3, type-2 and
type-1 couplings and Ni,, N,., N;, are, respectively, the
associated self transitions in the corresponding crosstalk
type. If a 3-bit bus has all types of crosstalk, the approximate
energy consumption is then given by adding (3a) to (3d)

E=Ey.i {Ne+A-(4-Ny+3-N;3+2-N,+1-Ny)} (4

where N, = N, + N3, + No, + Ny, is the total self switching
activity in time interval [0, N]. The net switching activity is
given by

E/Egs1 =Ny +A-(4-Ny+3-N3+2-N+1-Np)  (5)

The idea can be generalised for a n-bit bus to compute the
total energy consumption by considering N,, N4, N3, N, and
N; be, respectively, total self, type-4, type-3, type-2 and
type-1 switching activity in the n-bit data set for the interval
[0, N].

Equation (5) provides only approximate results for the
total energy consumption on the bus, as the crosstalk on
wire i because of wires i + 1 and i — 1 (for i > 1) is only
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considered. The assumption is valid as coupling effect
varies inversely with the spacing between wires. The
results presented in this paper for energy estimation are
based on calculating N,, N4, N3, N,, Ny and then finding
out the net switching activity as given by (5). Equation

(6) then gives the energy saving
1 - N
- 100 6
= ) (©)

u

Energy saving = <

where N, and N, are, respectively, the net switching activity
[as given by (5)] in the unencoded and corresponding
encoded data.

3 Low power and crosstalk efficient bus
encoding scheme

The proposed encoding scheme is based on an intrinsic
property exhibited by 4-bit binary sequences (vector space
V4), which is explained subsequently.

Consider a 4-bit vector that represents a maximum of
sixteen 4-bit binary sequences (4-tuples). If any one of the
4-tuples is taken, modulo-2 summed with two basis func-
tions Z;(0101) and Z,(1010) (equivalent to alternate bit
complement) and compared with the remaining 4-tuples,
it is observed that one of the two XORED data (either
data XORED with Z; or data XORED with Z,) will have
no type-4 switching (N4 = 0) with respect to the remaining
fifteen 4-tuples. The ability of the codes to eliminate type-4
couplings can be proved using the example given below.

Consider the case in which a 4-bit bus is in state 0101,
and 1010 is the data to be transmitted on the bus. It can
be shown that there is only one N, and one N, coupling in
this bus transition. There exists a type-4 coupling between
wires 1, 2 and 3 and a type-2 crosstalk between wires 3
and 4. This can be proved using (1). From (15), we have

E, =0

Ey=Cp-{-A-(0=Va)+(1+2-A)-(Vaa —0)
— A (0= Vaa)} - Vaa

Ey=Cr-{AVag+(1+2-A)- Vag+A-Vaa} - Vaa

Ey=Cp-(1+4-))-V}
E;=0

Ey=Cp-{—A-(VE=V)+0+N1)- (V-V} Vi
Es=Cr-{=A-(0—=T4)) + (1 +AN) - (Vaa —0)} - Vaa
Es=Cp-(1+2-X)- Vg

If the data 1010 is XORED with Z;(0101) and Z,(1010), one
of the two resulting data 1111 or 0000 will definitely have
no type-4 switching with data already present on the bus,
which is 0101. In some cases, both resulting data will be
free from the most critical type of crosstalk (type-4). For
the case in which both are free from type-4 switching, the
data sets are then searched for type-3 and type-2 crosstalk.
The one that has less type-2 and/or type-3 crosstalk are
transmitted on the bus.

This property of the 4-bit sequence can be extended to an
arbitrary m-bit sequence (where m = 2* and x is any posi-
tive integer) for low power and worst crosstalk (N, N3
and N,) minimisation. The extension of the method to an
arbitrary sequence greater than four will not result in elim-
inating type-4 crosstalk, however, it will minimise the worst
crosstalk couplings by reducing the relative switching
activity. The underlying advantage is the use of less wire
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Fig. 2 Energy efficiency

overhead, but the disadvantage is that the probability of
reducing the logical errors will be quite less compared
with applying the method to the 4-bit sequence. This can
be proved using the results as provided in Fig. 2.

By looking at the energy equation as given in (1), it
becomes evident that crosstalk is the major source of
energy consumption in on-chip communication. Worst
crosstalk also causes considerable and unpredictable delay
in signal transitions and therefore can result in logical
errors which can bring the system to complete failure.
Therefore emphasis is given to eliminate or minimise the
worst crosstalk coupling. As the method is primarily devel-
oped to eliminate/minimise the worst crosstalk, effect on
N is not considered. The scheme is briefly described below.

The data d(n) on a 4-bit bus is modulo-2 added with
two basis functions Z; and Z, (Fig. 3). The output x.,(n)
(x.1(n) = d(n) & Z;) is compared with the previous bus
state x(n — 1) in a crosstalk check module that checks the
level of the crosstalk. The crosstalk check module consists
of N4_count and N,_count modules. The first counts Ny,
whereas the second counts N, couplings in x.,(r) with
respect to the previous bus state x(n — 1). It can be
proved from the basic energy equations that in a 4-bit
bus, the maximum number of type-4 coupling is one,
whereas that of type-2 is three. Therefore modules
N,4_count and N,_count provide 1-bit and 2-bit outputs,
respectively. A similar crosstalk check module is
implemented for x.,(n) (x,2(n) = d(n) ® Z,). The outputs
from N, _count modules of both x.;(n) and x.,(n) are
compared in a 2-bit comparator module such that if the
number of type-2 couplings in x.;(n) is greater than the
number of type-2 couplings in x.,(n), the output of the com-
parator is 1 otherwise it is 0. The 1-bit output from N4_count
of x.;(n) 1-bit output from N,_count of x.,(n), and the 1-bit
comparator output are used to select either x.;(n) or x.»(n).
The selection (multiplexing) is done such that if Ns_count is
present in x.;(n), data XORED with Z,(x.»(n)) is selected

x(n-1)

Z;
L Ny_count
A
L N,_count
s 1s
data Xa1(n) —» Rex ;
afn) Mux g —>
X22{n} T
2
=K§‘ N2_count f’
A A
.
Z>
x(n-1)
Fig. 3 Block diagram of the proposed encoding scheme
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and the decode bit is set to logic 1. Because of the alternate
bit complement, both cannot have N, count at the same
time. If N, count is present in x,,(n), data XORED with
Zi(x.1(n)) is selected and vice versa. For the case in which
both N, counters are zero, the selection is based on the
comparator output and if the comparator output is logic 1,
x»(n) is selected and the decode bit is set, whereas for
logic 0, x.;(n) is chosen and decode bit is reset.

The output from the multiplexer (4-bit data and
the decode bit) is registered at the next positive clock
edge. The register outputs the encoded data on the bus
together with decode bit as decode information for the
decoder.

The number of N4 coupling can be either 1 (max) or
0 (min) per 4-bit data transfer. The N4 coupling can occur
either among bits 0, 1 and 2 or among bits 1, 2 and 3. A
very simple combinational logic as shown in Fig. 4 is
used to implement N, counter. The idea behind the develop-
ment of this counter is based on the fact that in type-4 coup-
ling, all three bits switch opposite with respect to their
previous state and two adjacent bits must not be at the
same state in either their present or previous states.
Consider the first three bits in the transition from 0101 (pre-
vious state) to 1010 (present state). This is an example of a
type-4 switching. The three bits (010) are switching oppo-
site to their previous state (101) and no two adjacent bits
are at the same logic state in either their present or previous
states. Therefore if the present and previous states of the
individual bits are modulo-2 added and then ANDED, the
output must be one. In the case of the transition from 000
to 111 (for example), the output from the AND gate will
also be at logic 1. To differentiate between the two states,
it is necessary to add the modulo-2 sum of any two adjacent
bits of either the previous or the present state. The selection
of these two adjacent bits should be made in order to
implement the counter efficiently regarding reducing the
number of gates. As mentioned earlier, type-4 switching
can occur either between 0, 1 and 2 or between 1, 2 and
3. Therefore for efficient implementation, bits 1 and 2 of
the present state (x;(n) and x,(n)) are selected for modulo-
2 addition. With this additional information, the inputs to
the AND gate increase to four. N, check is implemented
for 0, 1, 2 and 1, 2, 3 bits. The output from the two AND
gates are then logical ORED to generate a single-bit
output from N, counter.

N, counter, as shown in Fig. 5, counts N, couplings in
parallel with its corresponding N, counter. N, coupling
is between two adjacent bits. The maximum N,
coupling in a particular 4-bit data transfer is three. In N,
coupling, two adjacent bits switch opposite to each other.
The first stage in N, counter is the identification of the

Xo(n)

Xo(n-1)

Yon)

f‘

xy(n) yi(Q)
xin) —, A
iy

x1(n)

VL Yy

Yr2(n)
x2(n) » /12
X2{n)
yofn)
X2n-1) ‘1 /
N1

YvYY

x3(n)

x3(n-1)

f

ys(n)
Fig. 4 N, coupling counter

104

Yolr)
Yor(n)

Xo(n)

X4(n) —

yi(n) | Sum[1:0]
3-bit — »
ya(n) Adder | N, count
Y12(n)

¥a(n)
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x2(n)
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Fig.5 N, coupling counter

coupling. This stage consists of XORING, the corresponding
bits in the present and previous data. In order to differentiate
this from the transition 00-to-11, the two adjacent bits
are also XORED and the output is ANDED with the two
other outputs as shown in Fig. 5. The three N, check
outputs are then added in the second stage to obtain the
total number of N, couplings. It can be shown that
N3 = N, 4+ N, therefore, N3 counting is redundant and not
used here.

4 Implementation on AMBA-based SoC platform

The methodology can be implemented in different ways.
Each type of implementation will have different capability
of reducing crosstalk couplings and saving energy. The
types are determined by the percentage of redundant wires
used. Three schemes are introduced (proposed I,
proposed II and proposed III) for cases corresponding to
25%, 62.5% and 12.5% wire redundancy as described
below.

4.1 Case 1

The first implementation is based on partitioning the n-bit
bus into clusters of 4-bits each. Each 4-bit cluster is separ-
ately encoded and decoded according to the proposed
encoding scheme. An extra bit is added per 4-bit encoded
data for unique decodability. The n-bit bus thus expands
to n + n/4 bits. This is equivalent to a wire redundancy of
25%. The decoder (Fig. 6) for a 4-bit cluster consists of
selecting one of the two basis functions based on the
decode bit and then modulo-2 adding the incoming coded
data with the correct basis function to regenerate the orig-
inal data. The decoder modules required for the n-bit bus
are n/4 which are also the number of the encoder modules.

4.2 Case 2

The encoding scheme in Case 1 guarantees to eliminate N,
and reduce Nz and N, worst crosstalk from the 4-bit clusters.
But as the bus is partitioned into n/4 clusters and the bus is
also expanded spatially to carry decode information, Ny, N3

4-bit

E —Z
?ﬁ/— Selector

4 —7
T 1-bit decode info

4-bit coded data

Fig. 6 Generic decoder for a 4-bit clustered coded data
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and N, crosstalk coupling may occur in the inter-cluster
region or between the decode bits and the clusters. The
probability of such coupling can be eliminated by inserting
shield wires in three different locations, namely the inter-
cluster region, the cluster adjacent to the decode bits and
between the decode bits. This will eliminate any possibility
of the worst crosstalk occurrence; however, the bus band-
width will further increase. In addition to increase in bus
bandwidth, N; crosstalk coupling will also increase as a
result of increased bandwidth. With the insertion of the
shield wires, the bus bandwidth increases from 813, 16—27
and 32-55 which is equivalent to wire overhead of
62.5%. This is the maximum spatial redundancy. If the
purpose of the encoding scheme is limited to only reducing
logical faults by reducing crosstalk coupled switched
capacitance, the shield wires can be avoided and the
algorithm can be implemented with a small increase in
bus bandwidth. If the purpose is to eliminate both worst
case delay as well as to minimise logical faults, the
algorithm has to be implemented with maximum spatial
redundancy. In most cases, the goal is only to reduce
logical faults much more by trading tolerable wire
overheads. In such situations, the method requires only
25% wire overheads and guarantees much reduction in
worst-case crosstalk couplings.

4.3 Case 3

The CODEC architecture is also implemented with one wire
redundancy per 8-bit transaction. The wire redundancy is
kept the same as in the case of BI and CBI. The method
is implemented for 8, 16 and 32-bit transactions. For this
implementation, basis functions Z; and Z, are extended so
as to cover the 8-bit transaction. For example, Z; is now
01010101b, whereas Z, is 10101010b. The type-4 and

UTAG
- arm?
core
ICE

type-2 coupling counters (refer to Figs. 5 and 6) are also
extended to count corresponding couplings in 8-bit trans-
action. As the maximum number of type-4 couplings in
an 8-bit transaction is 3, the output of type-4 counter will
now be 2-bit instead of the previous 1-bit. Similarly, the
maximum number of type-2 couplings per 8-bit transaction
is 7, therefore the output of type-2 counter is extended to
3-bit instead of the previous 2-bit output. The one having
less type-4 couplings is transmitted. In case if both codes
do not have type-4 couplings, the decision is made based
on type-2 couplings and the one having less number of
type-2 couplings is then transmitted along with the corre-
sponding decoding bit.

5 Simulation results

A sample SoC architecture in which different IPs are
connected through AMBA bus is shown in Fig. 7,
whereas Fig. 8 provides a simulation environment used to
simulate both encoder and decoder. IP-1 is transmitting
data through the on-chip AMBA AHB bus to be stored on
the external memory. The external memory is controlled
through external memory controller. AMBA AHB bus
controller and codec have been synthesised down to
0.18 pm CMOS technology. The BI and CBI have
also been synthesised together with AMBA AHB bus
controller. Table 1 gives the area overheads of the three
encoding schemes. The area overheads of the proposed
encoding scheme are approximately the same in all three
implementations and therefore area overhead of only case
1 is presented in Table 1. As the proposed encoding
scheme consists of a few cascaded gates, the area overhead
of the proposed scheme is 11 and 18% less than the area
overheads of BI and CBI, respectively. The delay
introduced by the codec overhead is insignificantly small

!

arbiter decoder

TIC Master
Ports
—

A

L,

I

External

Slave Memory 47 4»
Ports Control
Bridge SRAM >
UART GPIO Internal System Slave
TIMERS Control Control Ports

bl

Fig. 7 AMBA AHB-based generic SoC system
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Fig. 8 Simulation environment

compared with the clock period and hence there is no
danger of losing extra clock cycles. The Netlist is then
simulated at a clock frequency of 120 MHz. The proposed
encoding scheme is simulated for 25, 62.5 and 12.5%
wire redundancy corresponding to cases 1, 2 and 3 outlined
earlier. In all cases of implementations, the extended coded
data bus is considered while monitoring all types of
switching activity, for example, in the case of 8-bit
transaction and using 25% redundancy scheme (case 1 in
Section 4), switching activity on the extended 10-bit bus
is monitored and the results are compared with the results
of BI and CBI.

It is worth mentioning that the research work done
previously on reducing energy consumption through
minimising the crosstalk from on-chip buses, has used bus
models to estimate the energy consumption. The energy
estimation in this research is also based on the bus model
presented in Section 2 (5) which is derived from the bus
model described in Sotiriadis and Chandrakasan [14].
This bus model, like the previous bus models, provides
approximate result for the energy consumed because of
the combined effect of self and crosstalk couplings. This
approximation is due to the use of lumped values for
inter-connect capacitance, wire resistance and capacitance
and wire-to-substrate capacitance.

Equation (5) in Section 2 requires count of type-4, type-3,
type-2, type-1 and self transitions which can simply be
obtained with RTL. However, in order to account for
the area and power overhead of the codec, the external
memory controller in Fig. 8 was synthesised and simulated
at gate level. The power consumption of the internal combi-
national and sequential elements of the codec architecture
has been measured using Synopsys power compiler for a
sample 8-bit image data set. The total power consumption
is 0.0228 mW and is equivalent to a 2.25% power overhead.
Similar results can be obtained for higher transfer sizes.
Clearly, this power overhead is negligibly small when
compared with 22-36% power savings achieved on the
on-chip bus.

Table 1: Area comparisons (in pm?)

Encoding scheme 8-bit 16-bit 32-bit
Proposed encoding 2849 5982 11367
BI 3203 6726 12779
CBI 3467 7280 13833
106

encoder

PN | external

decoder A 1 memory
external memory

controller

.| external

On chip simulation 7| memory
environment example

5.1 Case 1: 25% wire redundancy

Fig. 2 provides percentage energy saving for the corre-
sponding encoded data (proposed I), BI and CBI schemes
for three transfer protocols namely 8, 16 and 32-bit of the
AHB data bus. For random data (ran8, ranl6, ran32), all
three encoding schemes are power efficient with the pro-
posed method slightly more power efficient when compared
with BI and CBI. The power efficiency of BI is from 18 to
21%. It is 14—15% for CBI and 21-23% for the proposed
encoding scheme. However, in the case of application
specific data such as image data set (img8, imgl6 and
img32) the proposed scheme outperforms both BI and
CBI. The power efficiency of BI is from 17 to 20%. It is
17—-18% for CBI and 31-33% for the proposed encoding
scheme. The CBI scheme proved to be less power saving
compared with BI for both random and image data sets.
The reason is that many of the data samples have couplings
not enough to invert the data and most of the time the data
passes unencoded. The CBI scheme is well suited to the
case in which the data has more crosstalk coupling prob-
ability per data sample, so that inversion of the data
occurs quite frequently.

Another aspect of the encoding scheme (case I) is the
reduction of worst crosstalk couplings from data flowing
on the bus. This aspect is depicted in Figs. 9 and 10.
These figures provide information about saving in switching
activity in 8-bit transaction for the two types of data used in
this experiment. In the case of random data, although the
method is slightly more power efficient than BI and CBI,
however, it is the reduction in worst crosstalk couplings
(Fig. 9) that gives an edge to the proposed encoding
scheme. For image data set, the proposed scheme
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Fig.9 Saving in switching activity for 8-bit random data
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Fig. 10 Saving in switching activity for 8-bit image data

outperforms BI and CBI as well in reducing worst crosstalk
couplings as evident from Fig. 10. The corresponding
graphs for 16 and 32-bit transaction follow the same
pattern and need not be plotted. Figs. 9 and 10 indicate
that in the case of the proposed encoding scheme, signifi-
cant (70—95%) reduction in the worst crosstalk coupling
occurs with a 5% increase in type-1 coupling. The reduction
in self-switching activity is 8% for random data and 30%
for image data sets, respectively.

5.2 Case 2: 62.5% wire redundancy

The simulation results are obtained after placing shield
wires to avoid inter-cluster crosstalk as well as between
decode bits. The results for this scheme (case 2) are pre-
sented in Figs. 2, 9 and 10 using 8, 16 and 32-bit transaction
of both random and image data sets. In the case of 8-bit
transaction, decoding bits are transmitted using three
wires according to Table 2. In the case of 16- bit transaction,
the bus is partitioned into two 8 bits and decoding bits in
each are transmitted using three wires according to
Table 2. The same approach is followed with 32-bit trans-
action as well. Therefore with the insertion of the shield
wires and expanding the decode bits on three wires, the
bus bandwidth expands to 13 bits (for 8-bit transaction).
The shield wires convert type-4 couplings into type-3 and
type-2 into type-1 couplings. Therefore type-4 is comple-
tely eliminated, whereas type-3 and type-2 couplings are
reduced significantly. Owing to expansion in the bus,
type-1 coupling increases and hence energy saving in the
proposed encoding scheme slightly reduces by 0.5—-1.5%
when compared with energy saving with no shield wires.
However, it must be noted that shield wires are ground
wires and do not change the self-switched capacitance.

The results for energy savings are presented in Fig. 2.
With slight reduction, case 2 is still more energy efficient
when compared with BI and CBI. By examining Figs. 9
and 10, it is clear that case 2 eliminates type-4 completely
and reduces type-3 and type-2 to a considerable extent.
This elimination/reduction enhances the error immunity
of the scheme to a greater extent.

Table 2: Decode info for 8-bit decoding

Operation on Operation on 3-bit decode
first 4-bit data second 4-bit data info

Z Z 000b

Z Z, 001b

Z, Z, 011b

Z, Z, 111b
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5.3 Case 3: 12.5% wire redundancy

This corresponds to case 3 in Section 4 and is implemented
with one extra wire per 8-bit transaction. The simulation
results are plotted in Figs. 2, 9 and 10. In this implemen-
tation, the wire overhead is kept the same with BI and
CBI. From Fig. 2, it is clear that even with equal wire redun-
dancy, the proposed encoding scheme is more power effi-
cient than BI and CBI. If case 3 is compared with cases 1
and 2, it becomes clear that in most cases case 3 is even
more power efficient than its previous implementations.

The second performance parameter is switching activity
reduction which is presented in Figs. 9 and 10. The pro-
posed encoding scheme is much more efficient than CBI
in reducing self and worst crosstalk coupled switched
capacitance. In comparison with BI, the proposed encoding
scheme is quite efficient in reducing type-4 and type-3
coupling, however, reduction in type-2 coupling is compar-
able in case of random data and less than BI in the case of
image data. It is also evident from Figs. 9 and 10 that the
scheme reduces self transitions more than BI and CBI for
both random and image data sets. Owing to better area,
energy and crosstalk noise efficiency and equal wire
redundancy, the proposed Scheme III is much better
and more suitable for high-performance generic SoC
implementations.

6 Conclusion

The authors have presented a technique that addresses
energy loss and delay problems (because of crosstalk
noise) faced by today’s tightly coupled on-chip buses
implemented in ultra-deep submicron SoC systems. The
technique provides energy saving, for 0.18 pm CMOS tech-
nology, ranging from 22% for highly decorrelated uni-
formly distributed random data to 36% for highly
correlated application specific data such as those produced
in image processing applications. The encoding scheme
has been implemented for minimum and maximum wire
redundancies. In the case of maximum redundancy, the
scheme eliminates N, couplings completely and minimises
N3 and N, couplings, whereas for the case of minimum
redundancy, the scheme minimises to a larger extent all
types of worst crosstalk couplings, thereby reducing the
bit error probability and improving the reliability and
robustness of the on-chip communication to a considerable
extent at the expense of some increase in bandwidth.
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