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Abstract—High quality power delivery for on-chip high per-
formance integrated circuits is a significant design challenge
in modern functionally diverse systems with multiple power
domains. To provide a high quality power delivery system with
dynamically changing voltages and transient currents, the on-
chip power needs to be regulated in real time, within each power
domain. To exploit the advantages of existing switching and
linear power supplies, a heterogeneous power delivery system
has recently been proposed based on the principle of separation
of power conversion and regulation, lowering the overall energy
loss while requiring small on-chip area. The power efficiency of
the system is shown to be a strong function of the clustering of
the power supplies - the specific configuration in which power
converters and regulators are co-designed. A recursive clustering
algorithm with polynomial computational complexity is proposed
for an optimal real time power distribution system with minimum
power losses. The proposed algorithm is evaluated on IBM power
grid benchmark circuits and two multi-power domain circuits,
yielding up to a 21% increase in power efficiency, and orders
of magnitude speedup in runtime with the proposed recursive
clustering algorithm.

I. INTRODUCTION

The delivery of high quality power to the on-chip circuitry
with minimum energy loss is a fundamental requirement of all
integrated circuits (ICs). The supply voltage, current density,
and parasitic impedances, however, do not scale well with
each technology generation, degrading the quality of the power
delivered from the off-chip power supplies to the on-chip load
circuitry. The challenge becomes even more significant as the
diversity of modern multi-voltage multi-core systems increases
and dynamic voltage scaling (DVS) becomes an integrated part
of the power management system.

To maintain a high quality power supply despite increasing
off- and on-chip parasitic impedances, hundreds of power
converters should ultimately be integrated on-chip, close to
the loads within the individual multiple power domains [1].
Recently, a principle of separation of power conversion and
regulation has been introduced [2] that exploits the high power
efficiency and relatively small area of, respectively, switching
[3], [4] and linear ([5], [6]) power supplies. Consistent with
this separation principle, power should be primarily converted
with a few power efficient switching supplies, delivered to on-
chip voltage clusters, and regulated with linear low dropout
(LDO) regulators within the individual power domains.
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Several schemes for heterogeneous power delivery and opti-
mization in terms of the number of on-chip voltage regulators,
and the on-chip co-design of the voltage regulators, decoupling
capacitors and current loads have been proposed in [1], [7]-[9].
The co-design of hundreds to thousands of on-chip regulators
with multiple switching converters is a new design objective
that needs to be considered [2]. In energy efficient systems, the
voltage and current supply is dynamically scaled within the
individual power domains, affecting the voltage drop within
the LDOs and the efficiency of the power delivery system.
Optimal real time clustering of the power supplies decreases
the voltage drop within the LDOs, increasing overall power ef-
ficiency. Exhaustive approaches for clustering power supplies
are computationally impractical in DVS systems with hundreds
to thousands of power domains. A computationally efficient
algorithm to co-design in real time switching converters and
on-chip LDO regulators in a heterogeneous system is proposed
in this paper, targeting high quality power and efficiency within
limited on-chip area. The power savings with the proposed
approach are evaluated with IBM power grid benchmarks,
demonstrating up to a 24% increase in power efficiency
with the proposed voltage clusters. Polynomial computational
complexity is exhibited with the proposed recursive clustering
algorithm, yielding significant speedup.

The rest of the paper is organized as follows. The challenges
of power supply clustering in a heterogeneous power delivery
system are reviewed in Section II. A computationally efficient
algorithm for optimally clustering power supplies is demon-
strated in Section III. The separation of power conversion and
regulation in benchmark circuits is evaluated in Section IV.
The paper is concluded in Section V.

II. BACKGROUND

To exploit the different advantages of both switching and
linear converters, a heterogeneous power delivery system is
considered. The power in the off-chip or in-package switching
power supplies is converted, and the on-chip power with
compact linear power supplies is regulated, minimizing LDO
voltage drops and on-chip power losses. With tens of off-
chip or in-package SMPS converters and up to thousands of
power domains regulated by individual on-chip LDOs [2], the
design complexity of the power delivery system is significantly
increasing.

Determining the optimal clustering of the on-chip power
supplies is an important challenge in a heterogeneous power
delivery system. Intuitively, in a power delivery system with
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thousands of on-chip voltage regulators driven by multiple
power converters, several options exist to determine the LDO
input and SMPS output voltages by connecting LDO to
different SMPS converters. Alternatively, the voltage at the
output of an LDO is determined by the power requirements of
the regulated power domain. The voltage drop within the on-
chip voltage regulators is therefore based on the power supply
clustering and power domain specifications, affecting the over-
all power efficiency of a distributed heterogeneous system. For
a finite number of power supply clusters, an optimal clustering
exists that minimizes the voltage drop across the distributed
LDO while maximizing the efficiency of the power delivery
system. Efficiently determining the optimum power clustering
is the primary objective of this work.

To explore the efficiency of a heterogeneous power delivery
system, consider a system with .S off-chip or in-package SMPS
converters and L on-chip LDO, delivering power to N power
domains with different supply voltages {(V[(,%, 1 g},) N
Intuitively, LDO that regulate power domains with similar
supply voltages should be assigned to the same voltage cluster.
Thus, to explore the power efficiency of a heterogeneous
power delivery system, L = N > S is assumed. The i‘" SMPS
supplies power to [; LDO (XI; = L = N), forming the ‘"
voltage cluster. Note that the SMPS output voltages (VSER)I PS>
where i is the cluster id), LDO output voltages (V%) where
m is the LDO id in the i* cluster), and supply voltages (Vlgjl)),
where j is the power domain id) are assumed to be ordered
such that lower (higher) voltages are assigned into clusters
with lower (higher) indices. Thus, the cluster topology K of
the power supplies is determined by the distribution of the
LDO within the SMPS clusters K = {;}7_,. To determine the
optimal power supply clustering, it is sufficient to determine
the number of voltage regulators in each SMPS cluster that
minimizes the voltage drops. This observation suggests that
the optimal power clustering can be recursively determined
based on the optimal clusters in systems with fewer power
supplies.

To illustrate the effect of the clustering topology on the
power efficiency of a power delivery system, a heteroge-
neous system is considered with two switching converters and
three linear regulators, supplying equal current Ipp to three
power domains {V]g%} = {1.8 volts, 1.1 volts, 1.0 volt}. As-
sume Vp,,, = 0.1. The power supply clusterings K7 = {1, 2}
and Ky = {2,1} for a heterogeneous system with S = 2 and
L = N = 3 are shown in Figure 1. The voltage at the output
of each switching converter is Vp,.,p, higher than the maximum
supply voltage within the relevant cluster [2], yielding a power
efficiency, (K1) = 91% and o(K3) = 80%.

III. COMPUTATIONALLY EFFICIENT POWER SUPPLY
CLUSTERING

The optimal clustering topology with minimum power
losses can be obtained by exhaustively comparing the power
efficiency ¢ for all possible clusterings, and choosing the
configuration with the maximum efficiency. The number of
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Fig. 1. Power supply clusters for a heterogeneous power delivery system
with S =2and L =N =3, (a) K1 = {1,2}, and (b) K2 = {2,1}.

possible clusterings, however, grows exponentially with S,
producing a computationally infeasible solution. To efficiently
determine the preferable power supply clusters, an alternative
computationally efficient solution is required. A power sup-
ply clustering algorithm with O(N? - S) is described in this
section. A recursive analytic expression is provided for power
supply clustering with L LDO and S SMPS in smaller power
delivery systems (I < L LDO and s = .S — 1 SMPS). Power
supply clusters determined by the recursive approach are
similar to exhaustive power supply clustering that maximizes
the efficiency of a power delivery system, yielding the optimal
power supply clusters.

The key idea behind the proposed algorithm is determin-
ing the number of voltage regulators in the high voltage
SMPS cluster. This algorithm is O(N). Once the num-
ber of LDO in a high voltage SMPS cluster is deter-
mined, the problem of power supply clustering is refor-
mulated for the remaining LDO and a smaller number of
SMPS clusters. To exemplify the proposed solution, con-
sider a heterogeneous system with three switching converters
(S =3) and five linear regulators (L = 5), supplying equal
current Ipp to five power domains (N =5) {Vg])j} =
{3.3 volts, 2.6 volts, 1.8 volts, 1.6 volts, 1.0 volt}. The op-
timum power supply clustering Kopr(5,3) = {l1,12,13},
3l; = 5 is determined recursively based on the num-
ber of LDO in the high voltage cluster I3, and lower or-
der optimal supply clustering Kopr(4,2), Kopr(3,2), and
Kopr(2,2). A single recursive step is illustrated in Fig-
ure 2, demonstrating three possible alternatives for clus-
tering with one (I3 = 1), two (I3 = 2), and three
(I3 = 3) LDO within the high voltage SMPS cluster. Given
the lower order clustering Kopr(4,2), Kopr(3,2), and
Kopr(2,2), the optimum clustering Kopr(5,3) is deter-
mined with linear computational complexity by comparing the
power efficiencies p({Kopr(4,2),1}), o({Koprr(3,2),2}),
and o({Kopr(2,2),3}), and choosing the clustering topology
that minimizes power losses.

For a general clustering algorithm, consider clustering L
on-chip LDO within S SMPS clusters to deliver power to
N = L power domains. The optimal clustering topology
of a system with N different supply voltages and S SMPS
Kopr(N,S) = {l;}7_,, where > 1; = N is determined re-
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Fig. 2. A single step of the recursive power supply clustering algorithm for
a heterogeneous power delivery system with S =3 and L = N =5, (a) a
single LDO (I3 = 1), (b) two LDO (I3 = 2), and (c) three LDO (I3 = 3)
in a high voltage SMPS cluster.

cursively by
Kopr(N,S) = {Kopr(N —ng, S —1),Is}, (1)
with the initial conditions,
Kopr(N,2) ={N —lg,ls}, )
Kopr(N,S=N)={1,2,..,N}, 3)

where 1 < lg < (N — 5) is the number of LDO in the
high voltage SMPS cluster. To maximize the overall power
efficiency of the system, the number of LDO in the last SMPS
cluster is

p(Kopr(N,9)) =
max ¢ ({Kopr(N — 5,5 = 1),1s)). @

Once the power supply clusters are recursively determined, the
maximum voltage level within each SMPS cluster determines
the SMPS output and LDO input voltage [2]. Pseudo-code of
the algorithm for determining the LDO input voltages based
on the proposed clustering is shown in Figure 3.

The LDO input voltages in a system with a single (S = 1)
switching converter and the maximum number of SMPS
(S = N) are determined, respectively, at lines 2 to 4 and
5 to 7. To determine the optimal clustering of a general
system with (1 < S < N) switching converters, lines 8
through 41 are executed. The LDO input voltages for all of
the systems with s < .S SMPS and [ < L LDO are determined
progressively and stored in matrix all_Vi.po. The matrix is
allocated and initiated based on (2) and (3) at lines 9 to 18.
The voltage levels at the LDO input voltages are determined
in a loop (see lines 20 to 21) for systems with a progressively
increasing number of power supplies. All of the high voltage
cluster configurations with a different number of LDO are
determined at lines 27 to 28. The power efficiency of different
configurations is compared at lines 30 to 34, determining the
most power efficient system. The number of comparisons to
determine the optimal clustering Ko pr (N, S) given all of the
optimal clusterings of lower order Kopr(n < N,s < §) is
(N —S). The computational complexity to determine the most

1. function V;50(1 : N) = Clustering(Vpp(1 : N), Ip(1 : N), S, Vi)
2. ifS==1

3. % There is only one cluster

4. Vipo() = max{Vpp()} + Vi,

5. elseif S=N

6. % The number of clusters equals the number of the voltage levels
7. Vipo() = Vop() + Vi

8. else

9. % Initiate a matrix to store all the clusters for lower order systems:
10. % all_V, () stores all the input voltages for a system with s SMPSs and / LDOs.
11, all_Vipo(:) = zeros(S, L = N, N)
12. % Update the initial conditions based on (10) and (11)

13. forl=1:N
14. all_ Vipo(1, 1, 1:)=ones(1, ) - (Vpp(D) + VD,W)

15, end
16.  fors=1:§
17. all_V,po(s, s, 1:5) =Vpp(l18) + Vpy,p,
18, end
19. % Find all the lower order clusters for s <.S SMPSs and / < L LDOs
20. fors=2toS
21. for/=s+1toN
22. Vinooer = zeros(1, N)
23. Nopr =0
24. for[=1tol-s+1
25. % [, is the number of LDOs in the highest voltage cluster
26. % (I 1)) is the number of LDOs in the rest (s — 1) clusters,
27. Vivorme(l i I=1)=all_Vipo(s—1,1-1,)
28. Vivoame =L+ 1) =V (D) + Vi,
%9' frwp = 100 - Z[VDD (1D Ipp(1: 1)] /Z[VLDD,TMP(] D) Ipp(1: 1)]
30 if (1 > or1)
31 o . . . .' ;i iohest officiency
% Remember the clustering with the highest efficiency
32. Vivo.oer = Vivowe
33. Nopt = Mtmp
34. end
35. end
36. % Update all_V;p,, with the optimal clusters for s SMPSs and / LDOs
37. all_Vipo(s, 1, :) = Vipoorr
38. end
39.  end
40, Vipo() =all_Vpo(S,L=N,:)
41. end
Fig. 3. Algorithm to determine LDO input voltages for power efficient
clustering.

power efficient clusters with N = L LDO regulators and S
SMPS converters is therefore
s [N
> On—s)| =0O(N?.8), N>5 (5
s=1 \n=s
Power supply clustering with the proposed algorithm is orders
of magnitude faster than exhaustively clustering large power
delivery systems.

IV. Co-DESIGN OF POWER SUPPLIES IN CIRCUIT
BENCHMARKS

Five test cases have been analyzed based on IBM power grid
benchmarks [10] to evaluate the efficiency of the power sep-
aration principle in circuits with hundreds of power domains
and tens of different supply voltages. Each of the selected
benchmarks is partitioned into voltage domains with voltage
levels ranging from 0.5 volts to 1.8 volts with a 0.02 volt shift
{Vg)D = 0.5V 44 -0.02V}, and the area of each domain is
determined. The current within a benchmark circuit is assumed
to be uniformly distributed. The current load within a domain
is therefore proportional to the area of the domain. The voltage
within each domain is regulated by an LDO, ensuring that
the total number of on-chip LDO is similar to the number of
voltage domains.
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TABLE I
POWER EFFICIENCY IN CIRCUITS WITH AND WITHOUT SEPARATION OF POWER CONVERSION AND REGULATION.

Voltage domains/LDO Power efficiency with S voltage clusters [%] CPU time [s]

Benchmark Number Voltage range [V] Without power separation With power separation Proposed | Exhaustive

(MAX [V] - MIN [V] S=1 S=2]8=3]S8S=5][S8S=10 clustering clustering
ibmpgl 49 1.46 - 0.50 = 0.96 68.093 78.301 | 82.421 | 86.484 | 89.231 18.268 > 100,000
ibmpg2 21 1.52 - 1.12 = 0.40 77.222 86.953 | 89.193 | 90.955 | 92.109 0.641 > 100,000
ibmpg3 15 1.70 - 1.44 = 0.26 88.603 91.905 | 92.819 | 93.578 | 94.116 0.195 > 100,000
ibmpgnew1 11 1.72 - 1.52 = 0.20 90.342 92.859 | 93.471 | 94.070 | 94.267 0.083 113.893
ibmpgnew?2 11 1.72 - 1.52 = 0.20 90.388 92.852 | 93.487 | 94.070 | 94.269 0.080 108.238

The proposed power supply clustering algorithm is demon-
strated in Matlab and applied to all of the test cases on a
multi-core system with four Intel(R) Core(TM) i3-2120 CPU
@ 3.30 GHz processors and 2,498 MB memory. A voltage
drop of 0.1 volts within each LDO is assumed. The power grid
specifications and simulation results with and without power
supply clustering are listed in Table 1.

Those power grids with a range of LDO output voltages
up to 0.20 volts (tbmpgnew] and tbmpgnew?2) exhibit a high
power efficiency of 93% despite only two SMPS clusters. The
power efficiency of these grids increases by 2.5% as compared
to a power delivery system with a single switching converter
(without power separation). Increasing the power efficiency
in these power grids with a large number of SMPS clusters
(94% with ten switching converters) requires excessive area
and is not cost effective. Alternatively, the ibmpgl benchmark
exhibits a wider range of LDO output voltages, 0.5 volts
to 1.5 volts and, therefore, a low power efficiency of 68%
without power supplies clustering. The effectiveness of power
separation is significant in tbmpgl with a 10.2% and 21.1%
increase in power efficiency with, respectively, S = 2 and
S = 10 SMPS clusters as compared to S = 1. Separation
of power conversion and regulation is therefore particularly
important in those systems with a wide range of on-chip supply
voltages and voltage drops. To provide high quality power
in dynamically scaled multi-voltage circuits, the efficiency of
the power supply clustering is evaluated within short control
time slots. The proposed power supply clustering algorithm
exhibits an order of magnitude smaller computational runtime
as compared with the exhaustive method, while providing
identical results. With the proposed algorithm, the switching
converters and linear regulators can be co-designed in real time
for power and area efficient management of the energy budget.

V. CONCLUSIONS

On-chip power regulation and delivery are necessary for
delivering high quality power within modern high performance
integrated circuits. To address the issues of power quality
and power efficiency in complex power delivery systems,
the power conversion and regulation operations should be
separated. In compliance with this separation principle, power
should be primarily converted off-chip, in-package, and/or on-
chip with power efficient switching supplies, and regulated
with ultra-small linear low dropout regulators at the point-of-
load [1]. To dynamically co-design tens of power converters
with hundreds to thousands of on-chip regulators, optimal

clustering of the on-chip LDO within the SMPS voltage
clusters should be determined that maximizes in real time
the power efficiency of the overall power delivery system. A
computationally efficient power supply clustering is critical for
real time heterogeneous power delivery.

An algorithm to recursively cluster a heterogeneous power
supply system with polynomial computational complexity is
presented. An order of magnitude speedup is exhibited with the
proposed algorithm as compared with exhaustive clustering,
exhibiting a computationally efficient solution for dynamic
clustering of on-chip power supplies. A power efficiency above
82% is demonstrated on IBM benchmarks with more than two
switching converters, and up to 94% with a larger number of
converters.
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