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Abstract 
We propose an integrated architectural/physical planning approach 
to reduce the power supply noise due to current surge in high 
performance, general-purpose, clock-gated microprocessors. The 
proposed approach combines dynamic selection of functional units 
on-the-fly, dynamic issue width scaling and physical planning with 
soft module, to balance the current demand across layout. 
Experimental results show that the proposed approach could reduce 
the peak noise by 6.54% and consequently, the decoupling 
capacitance requirement by 21.8%. The degradation in IPC 
(Instruction Per Cycle) due to the selection logic and issue width 
scaling is only 1.86e-7 (without increasing clock cycle period) in 
0.18µm technology.  

Categories and Subject Descriptors 
B.7.1 [INTEGRATED CIRCUITS]: Types and Design Styles- 
Microprocessors and microcomputers, VLSI 

General Terms: Design, Reliability 

Keywords: Power supply noise, Inductive noise 

1. Introduction 
With higher degrees of integration and faster transistor switching 
speed, current-induced noise (IR drop and Ldi/dt noise) in the power 
supply network has become an important consideration in circuit 
design [1]. Recently, many proposed power management techniques 
such as clock gating, dynamic scaling of supply voltage (Vdd) [2] 
and transistor threshold voltage (Vt) [3] further aggravate the power 
supply noise problem as they introduce large amount of current 
surge. This paper focuses on the reduction of current surge due to 
clock gating technique.  
Clock gating avoids dynamic power dissipation by disabling the 
clock to a circuit module whenever the circuit module is not being 
used. Reference [4] proposed a deterministic clock gating 
methodology (DCG) for the integer and floating point functional 
units (FUs) in superscalar microarchitecture. However, integer FUs 
have the highest current and power density [5] and they trigger large 
current surge in power supply network when they are 

enabled/disabled simultaneously. The high peak noise generated by 
current surge severely limits the application of clock gating 
technology.  
The power supply noise can be divided into three main voltage 
droops [6], which are due to the 1) high-frequency on-die current 
surge, 2) middle-frequency on-package current surge, and 3) 
low-frequency motherboard current surge, respectively. Usually the 
first and second voltage droops have significant amplitudes and both 
of them generate severe voltage drop in the power supply networks. 
In our paper, we focus on the reduction of the first power supply 
voltage droop and all subsequent references to the supply voltage 
droop refer to the on-die high frequency component. 
Existing physical-design-level approaches on the current-induced 
noise reduction mainly include: (1) Assignment of the power pins 
[7]; (2) Sizing up the P/G networks [8]; and (3) Deployment of 
decoupling capacitance (Decap) [9]. However, these approaches 
introduce additional manufacturing cost or area and power overhead 
because they require more P/G pins, wider P/G networks or large 
leaky MOS decoupling capacitance. Recently, some physical design 
studies have began to investigate other alterative methodologies to 
reduce the power supply noise without significant manufacturing 
cost, area and power overhead. 
For example, in [10], authors notice that the distribution of current 
demands across the floorplan can affect the worst-case power supply 
noise. By optimizing the positions of high- and low-current-density 
circuit modules, the floorplaning algorithm proposed in [10] 
successfully balances the requirements of current in the floorplan 
and as a result, reduces the worst-case power supply noise generated 
by the current surge in the floorplan. 
Some architectural methodologies also tried to solve 
current-induced power supply noise problem as well as to minimize 
the manufacturing cost or the area and the power overhead with 
acceptable performance penalty. By damping the pipeline of a high 
performance processor, the second power supply voltage droop 
described above is successfully reduced. However, the authors are 
unaware of any architectural methodology that addresses the on-die 
high frequency current surge.  
In this paper, we propose an integrated architectural/physical 
planning approach to minimize current surge due to integer FUs in 
DCG microprocessors. We introduce a function unit selection 
scheme to balance the current demands across the integer FUs 
dynamically. As a result, the peak noise in power supply network is 
reduced. Moreover, we propose two complementary methodologies 
to further enhance the effectiveness of the proposed dynamic FU 
selection scheme with minimal performance penalty. They are 
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dynamic issue width scaling and physical planning with soft 
module.  
Our experimental results show that the proposed approach can 
reduce the peak noise by 6.54% and consequently, the decoupling 
capacitance requirement by 21.8% for 0.18µm technology. The 
worst-case performance loss (in terms of Instructions Per Cycle 
(IPC) degradation) is only 1.86e-7 with no increase in clock cycle 

period.  

2. Current surge in DCG microprocessor 
As in [4], we assume that a clock-gated FU does not draw any 
current (except leakage current) from power pins when it is not used 
in the current cycle, i.e., when it is “quiet”. Also, when an FU is 
used in the current cycle, i.e., it is “active” and it draws the peak 
current.  
Fig. 1 shows two popular floorplans for a 6-way, non-clustered 
pipeline [12, 13]. Each configuration includes two general ALUs 
(GUs), four simple integer ALUs (SUs), and two 3-stage, pipelined 
integer multipliers (MULTs). A GU consists of an adder, a shifter, 
and a logic unit whereas an SU has only an adder and a logic unit. 
To reduce the length of bypass wire, MULTs are usually placed at 
bo is the 

position of the register file (REG FILE). We use G, S, and M to 
denote GU, SU, and MULT, respectively, in Fig. 1. 
We refer to the numbers and types of FUs that are used in the 
current cycle as the “issue pattern”. “2G3S1M”, for example, 
denotes the issue pattern that 2 GUs, 3 SUs and 1 MULT are needed 
for instructions issued in the current cycle. In the present-day, wide 
issue, high performance pipeline, the issue pattern is determined by 
the selection logic in the wakeup/selection (issue) stage, which 
applies a certain selection policy to select a subset of the instructions 
that are ready for execution and the corresponding FUs to execute 
them.  
A schematic of the selection logic is shown in Fig. 2. An FU arbiter 
(Fig. 2(a)) asserts the ANYREQ signal to enable the corresponding 
FU if any of its input request signals (REQ) is high. The FU arbiter 
also applies some selection policy on the input request signals to 
generates the grant signals (GRANT) that are sent back to 
corresponding entries in the issue window. For single-cycle latency 
or pipelined multi-stage integer FUs, the ENABLE signal is always 
asserted. When there are multiple functional units of the same type, 
the selection logic is made up of a number of stacked FU arbiters as 
shown in Fig. 2(b). When a request signal (e.g., req0) is granted by 
the ith FU arbiter, it will be masked by the corresponding GRANT 
signal (e.g., grant0) and not reach the (i+1)th FU arbiter. As a result, 
every FU arbiter grants one instruction, and the ith FU is not 
selected unless the first i-1 FUs are not available. 
However, stacked selection logic design is not optimal from the 
point of view of minimizing current surge and peak noise in power 
supply network. In this paper, we refer to the combination of the 
physical FUs used to execute the issue pattern as the “usage 
pattern” of FUs. In Fig. 1(a), for example, the usage pattern 
“M1+S1+S2+G1+G2+S3”will be selected by the stacked selection 
logic for issue pattern 2G3S1M, if we assume that the selection 
priorities of FUs of the same type are ordered from left to right. As 
FUs M1, S1, S2, G1, G2 and S3 are clustered together, the current 
demands in layout are very unbalanced. Here we assume that each 
of M1 and M2 has 3 pipelined stages (without loss of generality) 
which can be clock-gated separately.  

3. Architectural/physical planning approach 
3.1 Dynamic FU selection 
We note that the usage pattern selected above is not the only choice 
for the issue pattern 2G3S1M. There are some alternative usage 
patterns that induce lower peak noise level due to better balanced 
current demands in the floorplan. All alternative usage patterns for 
the issue pattern 2G3S1M for the floorplan in Fig. 1(a) with 
corresponding peak noise are shown in Table 1. These results are 
simulated by HSPICE for 0.18µm technology (see Section 5). For 
the analysis of the worst-case peak noise, we assume that the last 
two stages of the two MULTs are used. 
Obviously, if we can choose the optimal usage pattern for every 
possible issue pattern cycle by cycle, the induced peak noise can be 
minimized. We refer to this method as the dynamic FU selection 
scheme. Essentially, this scheme minimizes the peak noise among all 
usage patterns for a given issue pattern. 
In general, the highest peak noise occurs when the entire issue width 
is used and all stages of multi-stage FUs are active (except for the 
input stages). For simplicity, we omit the behavior of the peripheral 
circuits of FUs although they also contribute to the worst-case peak 
noise. To avoid the possible inaccuracy introduced by this simplicity, 
we only assume highest current densities of FUs and peripheral 
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Fig.2 Schematic of stacked selection logic  
(a) FU arbiter cell (b) Stacked FU arbiter cells 
th ends. The main difference between the two floorplans 

 
(a) 

(b) 
Fig. 1 Floorplans of integer FUs 
circuit in the peak noise simulation. We point out this assumption 
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does not cause overestimation of noise because only the worst-case 
power supply noise determines the reliability of the system and the 
requirement of decoupling capacitance. 

Table 1 Alternative usage patterns and peak noises  

Usage pattern Peak noise (V) 
M1+S2+G1+G2+S3+S4 0.2961 
M1+S1+G1+G2+S3+S4 0.2942 
M1+S1+S2+G1+G2+S4 0.3009 
M1+S1+S2+G1+G2+S3 0.3023 
S2+G1+G2+S3+S4+M2 0.3021 
S1+G1+G2+S3+S4+M2 0.3003 
S1+S2+G1+G2+S4+M2 0.2944 
S1+S2+G1+G2+S3+M2 0.2962 

We note that dynamic FU selection scheme does not introduce any 
IPC-based (instruction per cycle-based) performance loss except for 
the potential increase in the clock period due to the complexity of 
new logic to perform dynamic FU selection. In Section 4, however, 
we shall show that for the 0.18µm technology and beyond, this 
method does not extend the clock period. 
3.2 Dynamic issue width scaling 
There are issue patterns that have only one usage pattern each; they 
cannot be optimized by dynamic FU selection. If these issue patterns 
generate the worst-case peak noise among all issue patterns, the 
reduction of peak noise cannot be achieved. This situation usually 
occurs when all of the FUs involved in this issue pattern are 
clustered together. Dynamic FU selection scheme is ineffective in 
these cases. Hence, we propose a dynamic issue width scaling 
methodology: The selection logic holds back some instructions to 
prevent the worst case issue pattern from occurring. 
Dynamic issue width scaling possibly incurs some performance 
penalty because of the degradation of pipeline issue width utilization. 
But our experimental results in Section 5 show that the worst case to 
which we need to apply dynamic issue width scaling rarely happens, 
i.e., the impact on performance is negligible. Note however, similar 
as the discussion in section 3.1 that, the decoupling capacitance 
requirement is determined by the worst-case peak noise, regardless 
of its frequency of occurrence. 
3.3 Physical planning with soft module design 
Another constraint for dynamic FU selection methodology is the 
existence of large FU with high current demand. For example, a 
multi-stage pipelined multiplier is comparably large. To reduce the 
data transferring latency between sequential stages, all stages of it 
are placed close to each other.  As the worst case usually happens 
when multi-stage FUs were fully loaded, the effectiveness of the 
dynamic FU selection scheme degrades.  
One solution is to subdivide FU into several non-contiguous blocks, 
i.e., soft modules. A stage in a multi-stage block, for example, is a 
natural soft module. This methodology increases the flexibility of 
physical planning in two ways: First, it reduces the sizes of 
high-current-demand modules. Second, “quiet” modules can be 
scattered across the floorplan to balance the distribution of current 
demands. 
Soft module design introduces routing congestion and timing 
performance problems. For example, it increases the data transfer 
latency from one stage to the subsequent stage. If the soft module 
lies on a critical path, the clock period has to increase. Fortunately, 
the data transfer between different stages in multi-stage FUs is not in 
the critical path of the pipeline [12, 13, 14]. Soft module design is 

well-studied research area. For more details, readers can refer to the 
corresponding references. 

4. Implementation issues 
4.1 Dynamic FU selection logic 
To implement the dynamic FU selection scheme, we can make a 
small modification to any existing selection logic by adding a small 
look-up table. The tag and the corresponding entries of the look-up 
table are determined as follows: The power supply noise level that 
can be tolerated by the design is denoted as “TNL” (tolerable noise 
level). If the usage pattern selected by the selection logic for a 
particular issue pattern induces a peak noise that exceeds TNL, we 
store that usage pattern as a tag in look-up table. The optimal usage 
pattern (see Section 3.1) for that issue pattern is stored as the 
corresponding entry in the lookup table.  The new selection logic 
works as follows: If the usage pattern UP generated by the selection 
logic can match a tag in the look-up table, the corresponding optimal 
usage pattern UP_O will be selected as the final usage pattern UP_V 
(see Fig. 3). Otherwise, the usage pattern UP is selected since it does 
not induce a noise level that exceeds TNL. 

 
Fig. 3 Scheme of look-up table 

Since we do not store all possible usage patterns generated by the 
original selection logic in the look-up table, the size of the look-up 
table is small. Our experiments with a 6-way baseline 
microprocessor show that a 20-entry table is sufficient (see Section 
5.2).  
Obviously, the existence of the look-up table prolongs the latency of 
wakeup/selection stage. If the wakeup/selection stage is the crucial 
stage in the pipeline, performance loss may be introduced due to the 
increase in cycle period. We performed an analysis of the latencies 
of a 20-entry look-up table and wakeup/selection stage for a 6-way 
microprocessor at 0.18µm technology based on the model and the 
configuration in [12]. The analysis (see Table 2) shows that the 
added complexity of the selection logic will not incur performance 
loss for the reason that execution/bypass stage is the crucial stage in 
the pipeline. This is the same conclusion drawn in [12, 13, 14]. 

Table 2 Latency increasing of selection logic 
Technology 0.18µm

Look-up table latency (ps) 32.9 
Orig. wakeup/selection stage latency (ps) 815.9 
New wakeup/selection stage latency (ps) 848.8 

execution/bypass stage latency (ps) 850.7 
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4.2 Dynamic issue width scaling 
To implement the dynamic issue width scaling scheme, we augment 
the entries of the look-up table with additional signal “FLAG”.  
As in Fig. 4, when usage pattern to which we need to apply dynamic 
issue width scaling is found, a FLAG signal is asserted (see Fig. 3). 
If the history status of multi-stage FUs indicates that the peak noise 
induced by the optimal usage pattern exceeds the TNL, a DISABLE 
signal is generated to deny a GRANT signal to the offending 
instruction. 

 
Fig. 4 Dynamic issue width scaling logic 

4.3 Soft module design 
The natural implementation for soft module design is to divide 
multi-stage FUs into several separate stages. Usually, only the first 
stage should be designed as soft module because other stages are 
always considered to be used when estimating the worst-case peak 
noise. Hence, only the first stage could be quiet and helps to balance 
the distribution of current demand when dynamic FU selection 
mechanism applied.  
We use {RMMMSSGGSSMMM} and {MMMSSGRGSSMMM} 
to denote the two floorplans in Fig. 1(a) and (b), where R, M, S, and 
G denote REG FILE, MULT, SU and GU, respectively. Here we 
distinguish the two 3-stage MULTs by “MMM” and “MMM”. The 
optimized floorplans we obtain for Fig. 1(a) and (b) are 
{RMMSSMGGMSSMM} and {MMSMSGRGMSSMM}, 
respectively. We note that an additional wire length of 306µm is 
introduced between the 1st and 2nd stages of MULT. 

5. Experiments and Results 
Architectural level and physical level experiments are implemented 
with various combinations of our three methodologies:  

• DFS – dynamic FU selection; 
• DIWS – dynamic issue width scaling; 
• SMD –physical planning with soft module. 

The power supply Vdd is 1.8V. The TNL is set to 10% of Vdd, which 
is 0.18V in our experiments. 

5.1 Peak noise evaluation 
HSPICE is used for the evaluation of peak noise at 0.18µm 
technology.  
For the 6-way microprocessor in our experiments, two floorplans of 
integer FU in Fig. 1 are considered. Table 3 summaries the 
dimensions of FUs [12], where λ is half the feature size. In the 
floorplan, the row heights of MUXs (bypass logic) between 
functional units are ignored. We estimate power supply noise by 
using the same simulation methodology accepted in [10]. The pitch 
for the metal lines in the power supply is 240µm and the pitch for 
VDD pins is 720µm. The relative technology parameters are shown 
in Table 4. The current density Js is set to 0.28µA/µm2 at 0.18µm 
technology, which is estimated based on ITRS’99 Roadmap [15]. 
We assume that every power grid point k supplies current to an area 
delimited by the four bisectors defined by the point k and its four 

adjacent neighbors. The peak switching current drawn at point k is 
calculated as ( ) ∑ ⋅⋅=

j
jks

k AJjfactorI ][ , where Ajk is the 

delimited area between power grid point k and circuit module j. 
factor[j] depends on the module j’s behavior. For integer FUs, 
factor[j] is set to 0 or 2 in clock-gated or un-gated cycle, 
respectively; for other circuit modules, such as REG FILE, the 
factor is set to 1 because of their low current demands. The overall 
switching current waveform at power grid point k is approximated 
with a triangular waveform with peak value I(k) and the duration of 
switching current waveform (τ) is assumed to be half the clock 
period (1ns). Based on the discussion in [1], we believe that 
triangular current waveform gives a more accurate description of the 
switching current. We evenly distribute the decoupling capacitance 
at all nodes of the power mesh, as assumed in [16]. We do note that 
the allocation of Decap also affects its effectiveness on the noise 
reduction. However, we have not considered Decap allocation – it is 
beyond the scope of this paper. 
In our simulation, at first the current demand distribution across 
floorplan for every possible usage pattern is generated based on the 
usage information of every FU. Then the generated current 
waveforms at every node are put into HSPICE to simulate the power 
supply noise. In the Decap requirement estimation step, the power 
supply noise limitation is set as 10% of power supply voltage (1.8V). 
The value of Decap needed for 0.18V noise-limit is considered as 
the Decap requirement (with even Decap distribution as described 
above). 

Table 3 Functional unit dimensions 
FU Width Height Description 

GU 4732λ 3200λ adder, shifter and logic unit 
SU 4732λ 1700λ adder and logic unit 
MULT 4732λ 5100λ 3-stage multiplier 
REG 5900λ 21120λ 96-entry 

Table 4 Technology parameters 
Para. Description Value 

r Wire resistance per unit length (Ω/µm) 0.0241
l Wire inductance per unit length (pH/µm) 0.8
c Wire capacitance per unit length (pf/µm) 20

Lp Package inductance per VDD pin (nH) 0.2
Rp Package resistance per VDD pin (Ω) 0.5

 
Tables 5 and Table 6 show the experimental results for the foorplans 
in Fig. 1(a) and (b), respectively. The column ORIG in each table 
represents the results without applying any optimization. The entries 
in the second rows “Peak noise” of Tables 5 and 6 are the peak noise 
without decoupling capacitance in the power mesh. The amounts of 
Decap requirements to keep the peak noise below TNL for each case 
are shown in the rows “Decap”. For the floorplan in Fig. 1(a), the 
original peak noise of worst cases is 0.3023V, which is induced by 
issue pattern 2G3S1M. For the same issue pattern, the peak noise of 
the floorplan in Fig. 1(b) is 0.2916V. Their decoupling capacitance 
requirements for the 0.18V power-supply noise limitation are 
2.604nF and 2.311nF, respectively. The Decap reductions are shown 
in the rows “Decap reduction”, which are obtained with respect to 
the original Decap requirements. The rows “worst case issue 
pattern” include the issue patterns that generate the worst-case peak 
noise and determine the amount of Decap requirement. 
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effective for the floorplan in F
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successfully after we apply SMD
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• DIWS 
The more issue patterns we a
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difference of peak noises genera
cases before and after DIWS app
DIWS to one issue pattern for t
issue patterns in the floorplan in F
distribution of current demands i
DIWS is very effective for the flo
IPC-based performance loss of D

• SMD 
The optimized floorplans via SM
the results in the DFS+SMD and
5 and 6 shos, the reductions in pe
Also, by comparing the correspon
DFS+DIWS and DFS+SMD+
successfully enhance effectiven
breaking down MULTs.  
 
5.2 IPC-based performance 
The modified SimpleScalar Tool
simulation for DIWS. The confi
shown in Table 7. It is a 6-way m
2 MULTs and a 96-entry REG F
Spec2000 binaries [18] to analyz
benchmarks are complied with S
benchmarks, we used ref inp
instructions, and simulated 500 m

Methodologies 
Peak noise (V) 

Peak noise reducti
Decap (nF) 

Decap reduction
Worst case issue pat

Largest IPC-based per

Methodologies 
Peak noise (V) 

Peak noise reducti
Decap (nF) 

Decap reduction
Worst case Issue pat

Largest IPC-based per
Table 5 Experimental results for configuration in Fig. 1 (a) 
ORIG DFS DFS+DIWS DFS+SMD DFS+SMD+DIWS 
0.3023 0.2994 0.2942 0.2848 0.2828 

on / 0.96% 2.68% 5.79% 6.45% 
2.604 2.487 2.363 2.107 2.037 

 / 4.5% 9.3% 19.1% 21.8% 
tern 2G3S1M 2G4S0M 2G3S1M 2G2S2M 2G3S1M 
f. loss / 0 1.86e-7 0 6.38e-8 

Table 6 Experimental results for configuration in Fig. 1 (b) 
ORIG DFS DFS+DIWS DFS+SMD DFS+SMD+DIWS 
0.2916 0.2811 0.2784 0.2805 0.2784 

on / 3.60% 4.53% 3.81% 4.53% 
2.311 2.092 2.012 2.073 2.012 

 / 9.5% 13.6% 10.3% 13.6.% 
tern 2G3S1M 2G4S0M 1G3S2M 2G2S2M 1G3S2M 
f. loss / 0 1.86e-7 0 1.86e-7 
ow the results after applying DFS. 
d for both floorplans. DFS is less 
ig. 1(a) as a consequence of the 
e patterns for the new worst-case 
ver, this problem is overcome 
 (see the result analysis in SMD 

pply DIWS to, the more Decap 
t, however, the more performance 

ctiveness of DIWS depends on the 
ted by the original and new worst 
lied. In our experiments, we apply 
he floorplan in Fig. 1(a) and three 
ig. 1(b) since they generate similar 

n layout. Our results show that the 
orplan in Fig. 1(a). The analysis of 

IWS is given in Section 5.2. 

D are illustrated in Section 4.3. As 
 DFS+SMD+DIWS rows in Tables 
ak noise and Decap are significant. 
ding results (DFS and DFS+SMD, 
DIWS), we know that SMD 

ess of existing methodologies by 

evaluation 
 [17] is used for architectural level 
guration of the baseline pipeline is 

icroprocessor with 4 SUs, 2 GUs, 
ILE. We used pre-complied Alpha 
e the IPC-based performance. The 
PEC peak setting. For each of the 
uts, skipped the first 2 billion 
illion instructions (as in [4]). 

Table 7 Baseline processor configuration 
Processor 6-way issue, 96-entry RUU, 64-entry load/store 

queue, 4 int. SUs, 2 int. GUs, 2 int. MULTs, 3 FP 
ALUs, 3 FP MULTs, 96-entry REG. 

Branch 
prediction 

2-level, 8192-entry in 1st level, 8192-entry in 2nd 
level, 2B history; 32-entry RAS, 8192-entry 
4-way BTB, 8 cycle mispredict penalty 

Caches 64KB 2-way 2-cycle I/D L1, 2MB 8-way 12-cycle 
L2, both LRU 

Main 
memory 

Infinite capacity, 100 cycle latency;  
Split transaction, 32-byte wide bus 

The worst case IPC-based performance penalties due to the dynamic 
issue width scaling scheme for the floorplans in Fig. 1(a) and (b) are 
all 1.86e-7, over 10 integer benchmarks and 12 float point 
benchmarks. The results indicate that we rarely have to apply 
dynamic issue width scaling and as a result, processor seldom uses 
all its resource for most applications. However, the scheme is 
absolutely necessary for keeping the peak noise below the TNL. 

6. Conclusion 
In the paper, an integrated architectural/physical planning approach 
is proposed to reduce (1) the power supply noise due to current 
surge and (2) the decoupling capacitance requirement in high 
performance, general-purpose, clock-gated microprocessors. The 
proposed approach combines three techniques including dynamic 
selection of functional units in run-time, dynamic issue width 
scaling, and physical planning with soft module to balance the 
current demands across floorplan. Experimental results show that 
our approach reduces the peak noise by 6.54% and the decoupling 
capacitance requirement by 21.8% at 0.18µm technology. Our 
results also show that worst-case overall performance loss in IPC is 
only 1.86e-7 without increasing clock cycle period. Although our 
simulation and results in this paper are only for the power supply 
noise reduction of integer FUs, we believe our methodology can be 
extended to other pipeline stages and relevant hardware. 
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