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ABSTRACT

In this paper, we propose a novel temporal redundancy based
encoding technique for delay and peak power minimization.
The proposed encoding scheme is tested with the SPEC2000
CINT benchmarks for 90nm and 65nm technologies. The
experimental results show that our approach is very effective
in reducing the peak power. From the delay perspective,
our approach reduces the delay by at least 11% (4%) in
the address (data) buses compared to the data transmission
without encoding.

Categories and Subject Descriptors: B.4.3 In-
put/output and data communications: Interconnects (Sub-
systems)

General Terms: Design, Performance, Energy

Keywords: Crosstalk, Low-power, Coding

1. INTRODUCTION

As device geometries shrink and clock speeds get faster, in-
terconnect delay and power consumption are becoming in-
creasingly significant [6, 16, 18]. It has been shown that
the delay and power consumption of a long on-chip bus are
strongly dependent on the coupling capacitance between the
wires [12, 13] and they become prominent when adjacent
wires simultaneously make transitions in opposite directions.
Several bus encoding schemes for reducing delay and power
consumption have been proposed in the literature [7, 8, 9,
12, 13, 15, 17]. All these techniques employ spatial redun-
dancy, i.e., they use extra bus wires for encoding.

Analytical model for estimating propagation delay in
DSM buses has been proposed in [13]. Let d; =
(di,dz,---d?) denote the " n-bit data transmitted on the
bus. The delay for transmitting the (t41)** data on the bus
is given by the following formula [13]. Defining T} (d:, d¢+1),
1 <k < n, as follows:
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where Rr is the total resistance, Cp, is the ground capaci-
tance, C7 is the interwire capacitance, Ay = dfﬂ —dF, and
A= g—i The propagation delay, T'(d¢, d¢+1), for transmit-
ting di+1 after dr is defined as follows:

T(dt,dt.:,_l) = Imax {Tk(dt,dt.H) | 1 S k S TL}

Table 1 classifies the crosstalk delay effect on a wire k into
siz classes, depending upon the state of k (the middle wire)
and its adjacent wires [9, 13]. From this table, it is clear that
the worst-case crosstalk delay for transmitting data items is
CrRr(1 + 4)) (Class 6 in Table 1). This paper proposes
an encoding scheme that completely eliminates Class 5 and
Class 6 crosstalk on all bus wires resulting in reduced delay
and peak power when compared to normal data transmission
(i.e., without any coding) over the bus.

In this paper, a novel temporal redundancy based approach
to encode on-chip buses is proposed to reduce both delay
and peak power.

2. RELATED WORK

Bus encoding techniques to eliminate Class 5 and Class
6 crosstalk have been proposed in [7, 17]. Though these
techniques reduce the worst-case delay, they are difficult to
implement and have large area overhead (for a 32-bit data,
the technique in [17] requires 46 wires without memory and
40 wires with memory and the technique in [7] requires 52
wires). Similar to the ideas of [7, 17], a new coding technique
is proposed in [15] to obtain nearly 50% reduction in delay
along with 10% reduction in energy, but it requires 48 wires
to encode 32-bit data.

A bus encoding technique to minimize power consumption
and eliminate Class 5 and Class 6 crosstalk is proposed in



[10] which requires 55 wires to encode 32-bit data. Coupling-
driven bus encoding technique [8] reduces power consump-
tion by 30% on an average.

An encoding technique based on temporal redundancy for
on-chip delay and energy minimization is proposed in [11].
Instead of using temporal redundancy for each data item to
be transmitted, temporal redundancy is used only when the
next data forms a Class 5 or Class 6 crosstalk with the data
present on the bus.

3. BUS ENCODING USING TEMPORAL
REDUNDANCY

In the proposed temporal redundancy based (n,m,k)-
encoding scheme, the original n-bit data packet to be trans-
n

mitted is encoded into two (%) * m-bit data packets, where

m < k, and transmitted over two consecutive cycles. In
n

other words, the n-bit data is split into () number of k-
bit data blocks. Each of these k-bit data blocks is encoded
into two m-bit data blocks m1 and ms. All the m; blocks
are transmitted first followed by the transmission of the ms
blocks in the next cycle.

Choosing appropriate values for n, m, and k is crucial as
it affects the performance of the bus. For obvious reasons,
k is chosen to be a multiple of n. As k becomes large, the
codec circuit becomes more complex resulting in increased
delay and power consumption. So it is desired to have k
as small as possible. To get a one-to-one mapping of a k-
bit data into two m-bit data blocks m needs to be at least
k/2. The proposed encoding scheme needs m to be greater
than k/2. As m becomes large, the number of wires in
the encoded bus increases resulting in increased delay and
power consumption. For k = 2, there is no integer value
of m. Hence, k is chosen to be 4 and m is chosen to be 3.
Illustrating the above through an example, a 32-bit data is
split into eight 4-bit blocks, encoded as sixteen 3-bit blocks
(two each per 4-bit block), and transmitted as two 24-bit
data blocks.

For the correct operation of buses the clock period T.
should be sufficiently large so that all the transitions in the
bus have enough time to be completed [13]. For example,
if a Class 6 pattern occurs over the bus, from Table 1 it is
seen that T, > CrRr(1 + 4)). Note that, in the proposed
(n, 3,4)-encoding scheme, the size of the bus reduces from n
to (%)*m. By assuming that the new bus occupies the same
interconnect area as that of the original bus, we increase the
spacing between wires using the following formula:

nw+(n—1)s = (%)mw + ((%)m —1)s (1)
where w is the width of a wire, s is the original spacing, and
s’ is the new spacing between wires. Increasing the spacing
between wires, decreases C7 and increases Cr [5], results in
A decrease. Also, note that the proposed scheme eliminates
Class 5 and Class 6 crosstalk and two encoded transmissions
are done for each one of the original transmission. From Ta-
ble 1 we see that the proposed scheme shall result in a better
performance when compared to the normal transmission if
and only if

20LRr(14+2X) +6 < CLRr(1 +4)),

where C7, and C7 are the values of the ground and interwire

1 and §

capacitances, respectively, for the new bus, X' = o

4-bit | 3-bit | 4-bit | 3-bit | 4-bit | 3-bit | 4-bit | 3-bit
0000 | 001 {0100 | O11 |1000| 100 [1100| 111
001 001 100 001
0001 | 001 {0101 | O11 |1001| 100 [1101 | 111
011 011 110 011
0010 | 001 (0110 | O11 |1010| 110 {1110| 111
101 111 000 101
0011 | 001 | 0111 | 100 |1011| 110 |1111| 111
111 000 110 111

Table 2: TCS Encoding

001 | 001 001 | 001
011]011 011|011
000 | 000
000 111 110|111
000|111

Table 3: Possible cross- Table 4: Crosstalk elimi-
talk at TP2 nation at TP2

is the codec delay. In the subsequent sections of this paper
it is shown that the above inequality is indeed true for DSM
buses.

4. ENCODING SCHEME

This section proposes a (n, 3,4)-encoding scheme, namely
Temporal Crosstalk Shielding (TCS) encoding, that elimi-
nates Class 5 and Class 6 crosstalk when transmitting data
on an on-chip bus. Consider two n-bit data D; and D,
such that D» is transmitted after Di. Let p = %. As
per the encoding scheme, we split both D; and D, into
(di,da,---dy) and (dy,d5, -+ ,dy,), respectively, where each
d; (or d;), 1 < i < p, is a 4-bit data. Consider four 4-bit
data blocks d;, dit1, dj, and d; ., for any 1 <4 < p. Each
of these 4-bit data blocks gets encoded as two 3-bit data
blocks. Let the encoding of d;, d;+1, d; and dj,; be

((Az0, A0, Aoo), (A1, A1, Ar0)),

((Ba20, B1o, Boo), (B21, B11, Bo)),
((C20,C10,Co0), (C21,C11,C1o)), and

((D20, D10, Doo), (D21, D11, D19)), respectively.

The transmissions of the encoded versions of D; and D>
shall result in the following four transmissions (in order) on
six adjacent wires:

Transmission Data

1 (A20, A10, Aoo, B20, B1o, Boo)
(A21,A11, A0, B21, B11, B1o)
( )
( )

2
3 C20, C10,Coo, D20, D10, Doo

4 C1,C11,C1o, D21, D11, D1o

It is straightforward to see that an encoding scheme that
eliminates Class 5 and Class 6 crosstalk in the six wires
during the above four transmissions, for every 16* possible
combinations of values for d;, di+1, dj, and dj,, can elim-
inate Class 5 and Class 6 crosstalk on the entire bus. This
is due to the fact that the above transmission considers ar-
bitrary adjacent blocks and also consecutive transmissions.
Hence, the problem reduces to finding a one-to-one map-
ping from 4-bit numbers onto 6-bit numbers satisfying the
above-mentioned condition.

The crosstalk in the above four transmissions can occur at
three transition points, namely, between transmissions 1 and
2 (TP1), 2 and 3 (TP2), or 3 and 4 (TP3). An exhaustive
search on different 4-bit to 6-bit mappings was done and
none of the mappings could eliminate Class 5 and Class
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6 crosstalk on all of the three above-mentioned transition
points. However, the TCS encoding given in Table 2 satisfies
the following theorem.

Theorem 1: The TCS encoding eliminates Class 5 and
Class 6 crosstalk at TP1 and TP3.

Proof: Consider the TP1 as mentioned above. The A and
B values are transmitted on six adjacent lines From the TCS
encoding table (Table 2), it is easy to show that there are
no opposite transitions on adjacent lines carrying A and B
values From Table 2, it is clear that Agp = Ao for all the
sixteen encodings. This ensures that there are no opposite
transitions on adjacent lines in the boundary between A and
B. This proves that there is no Class 5 or Class 6 crosstalk
at the TP1. A similar argument proves the Theorem for the
TP3. a

TCS encoding partially removes Class 5 and Class 6
crosstalk at TP2. An example of possible crosstalk at TP2
is illustrated in Table 3.

Remark 1: Out of the 16* combinations of codes as in the
above case, the fraction of them leading to Class 5 or Class
6 crosstalk at TP2 is defined as the Crosstalk Value (CTV).

Note that each 4-bit data is transmitted as two 3-bit data
one after the other. Denoting the two transmissions as the
first transmission and second transmission, respectively, the
above-mentioned Class 5 and Class 6 crosstalk occur only
after the second transmission of one 4-bit data and before
the first transmission of the next 4-bit data. To eliminate
such a crosstalk at TP2, we employ temporal shielding. Un-
like the spatial shielding [5], where shielding wires are in-
serted between adjacent wires, in temporal shielding, shield-
ing data is inserted between two consecutive data items. We
use a Crosstalk Class Analyzer to detect Class 5 and Class
6 crosstalk at TP2 and transmit a Crosstalk Identification
Vector (CIV) before transmitting the next data only if there
is such a crosstalk. In order not to create Class 5 or Class
6 crosstalk with the previously transmitted data, we con-
sider a zero vector [00---00] as the CIV. The previous four
transmissions in the above example shall now become five
transmissions due to the transmission of the CIV as shown
in Table 4.

For a given encoding scheme, the CTV (defined in Re-
mark 1) is a measure of the number of CIV transmissions
required. Figure 1 shows benchmark-wise CTV for both
address and data buses. For the decoder to distinguish be-
tween a normal data transmission and a CIV, it is essential
that [00...00] should never be transmitted during the first
transmission of any normal data item. This is ensured in
our encoding as none of the sixteen encodings shown in Ta-
ble 2 have 000 as their first three bits. Figure 2 shows the

Node (nm) 90 | 65
Width (nm) || 237 | 160
Spacing (nm) || 237 | 160

Thickness (nm) || 498 | 325
Height (nm) || 498 | 325
R (2/mm) 187 | 423

Voo (V) 1 |07
far (GHz) |3.99]6.73

Table 5: Technology parameters for global wires de-
rived from [4]

Parameter |Without coding| With coding

Node (nm) 90 65 90 65
Spacing (um) | 237 160 402 271
CL (fF/mm) |27.260 | 22.127 |36.287 | 29.330
Cr (fF/mm) |91.943| 70.159 |55.909 | 42.711

Table 6: Capacitance values for different spacing be-
tween wires

data transmission mechanism used in our approach. When-
ever new data is received, we simultaneously feed it to the
Encoder and Crosstalk Class Analyzer (this way we can re-
duce the delay associated with the codec). The Encoder
encodes the data using Table 2. The Crosstalk Class An-
alyzer contains two units in which one checks whether or
not the middle bit in a 3-bit encoded data forms a Class 5
or Class 6 crosstalk with its adjacent bits (let us call it as
middle bit crosstalk unit) and the other one checks whether
or not the boundary bits of two different 3-bit encoded data
forms a Class 5 or Class 6 crosstalk (let us say boundary bit
crosstalk unit). For middle bit crosstalk unit, we maintain
a 16 x 16 table whose rows and columns are indexed by the
sixteen 4-bit data. The table stores either 1 or 0 in each
entry based on whether or not the lower 3-bit encoded data
of the column index forms a Class 5 or Class 6 crosstalk
with the upper 3-bit encoded data of the row index, re-
spectively. The middle bit crosstalk unit always stores the
previous 32-bit data (i.e., the original data) and whenever it
receives a new data, it index into the table using the previ-
ous data and new data to know whether there is any Class 5
or Class 6 crosstalk. After checking for crosstalk, the middle
bit crosstalk unit updates the previous data with the new
data for future use. For boundary bit crosstalk unit, we cat-
egorize each 4-bit data (From Table 2) into one of the three
classes from the set {01,10,11}. We know that each 4-bit
data is encoded into two 3-bit data. We use the MSB and
LSB pair of the first 3-bit encoded data for the categoriza-
tion. For example, consider a 4-bit data 0001. It is encoded
as 001 and 011 (From Table 2). Since the MSB and LSB
pair of the first 3-bit encoded data is 01, 0001 belongs to 01-
class. In this way, we categorize all the sixteen 4-bit data.
Hence, 01-class = {0000, 0001, 0010, 0011, 0100,0101,0110},
10-class = {0111,1000,1001,1010,1011}, and 1l-class =
{1100,1101,1110,1111}. Whenever the boundary bit
crosstalk unit receives a data, it checks which class the data
belongs and considers the corresponding value. That is, if
the data belongs to 10-class, the boundary bit crosstalk unit
considers 10 as the value for the data. The boundary bit
crosstalk unit compares this data with the data obtained by
taking the MSB and LSB pairs of each of the 3-bit encoded
data from the bus. Note that both crosstalk units work si-
multaneously to reduce the effective codec delay. If either of
these units finds that there is a Class 5 or Class 6 crosstalk



Power Delay | Area
Circuit Dynamic | Leakage
(mW) | (nW) | (ns) | (um®)
Encoder 2.6899 |59.7973| 0.4 958.81
Decoder 2.6899 |59.7973| 0.4 958.81
Crosstalk
Class Analyzer| 0.2886 | 13.0563 | 0.4 |209.664

Table 7: Delay and power overhead of the Encoder,
Crosstalk Class Analyzer, and Decoder
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Figure 3: Delay reduction for both address and data
buses

between present data and next data, the Crosstalk Class
Analyzer sends a signal to the Encoder, CIV, and the latch
at the sender side, so that the CIV transmits a zero vec-
tor, Encoder stops sending the encoded data for one cycle,
and data (if any) at the sender side will be latched for two
cycles. If there is no Class 5 or Class 6 crosstalk between
present data and next data, the Encoder sends the first 3-bit
encoded data, CIV stops sending a zero vector, and data (if
any) at the sender side will be latched for one cycle. Note
that we use Cr Rr(1 + 2)) as the cycle period. At the re-
ceiver end, the Decoder maintains a decode bit which is set
whenever the Decoder receives a data other than a zero vec-
tor and reset whenever the Decoder receives another data
for decoding to obtain the original data. With the decode
bit, we can differentiate whether the data received is a zero
vector or an useful data. If the received data is a zero vec-
tor, the Decoder discards the data. Otherwise, it stores the
data for one cycle and obtains the original data using the
stored data and the data on the bus in the next cycle.

5. EXPERIMENTAL VALIDATION AND
CONCLUSION

The methodology described in Section 4 is used to design
a 10mm global bus in the top metal layer for 90nm and
65mm technology nodes. The ITRS technology parameters
are shown in Table 5. Table 6 shows the capacitance values
for the original spacing (as shown in Table 5) and the new
spacing, which is calculated using Equation 1. The Predic-
tive Technology Model [1] is used for calculating the capaci-
tance values. We designed the Encoder, Crosstalk Class An-
alyzer, and Decoder in Verilog and synthesized it using the
Synopsys Design Compiler with 90nm TSMC technology li-
brary. Delay and power overhead of the Encoder, Crosstalk
Class Analyzer, and Decoder are shown in Table 7. We
used Simplescalar 3.0 [2] and the SPEC2000 CINT [3] bench-
mark suite to simulate the performance of different on-chip
buses between the processor datapath and L1 I-cache/D-
cache. For each benchmark, we fast-forwarded the first 100
million instructions and then simulated the next 100 million
instructions. Figure 3 shows the delay reduction percentages

Address Bus Data Bus
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Figure 4: Peak power reduction for both address
and data buses

for both address and data buses compared to the base case
(without any coding). Note that the results in Figure 3 in-
clude the codec delay. The delay reduction is high in the case
of address bus because of less CTV. Overall, our technique
achieves 11% (4%) and 12% (5%) reduction in the address
(data) bus for 90nm and 65nm technologies, respectively.
Figure 4 shows the peak power reduction of our technique
compared to the base case for both address and data bus.
We include the codec power overhead in the results. On an
average, our technique reduces the peak power consumption
by 46% (24%) and 43% (17%) in the data (address) bus for
90nm and 65nm technologies, respectively. Our technique
consumes less peak power because of three reasons: 1) less
number of wires 2) reduced coupling capacitance, and 3) no
Class 5 and Class 6 crosstalk transitions.
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