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Abstract
The rise of mobile technologies and cloud computing has increased the importance of efficient energy consumption. Due to 
parallelism, high voltage conversion ratios, and large supply currents, power losses are rapidly increasing. This issue can be 
managed by on-package voltage stacking, where the current is recycled between multiple cores. Current mismatch between 
serially connected cores however produces a noise voltage between the cores. Differential power processing (DPP) convert-
ers are a potential solution to this issue. In the current work, a power efficient, load-to-load synchronous buck converter 
operating within a voltage stacked system is examined. The buck converter is evaluated under very high current demand, 
where the core currents in a voltage stacked system reach a tenfold difference. A compact model to characterize the voltage 
drop in serially stacked systems is also described. Furthermore, a circuit topology to increase the power efficiency of this 
converter is proposed. By using an interleaved system with different active phases, the inductance in the converter can be 
changed, which produces variable frequency operation, resulting in increased power efficiency due to lower switching losses. 
The power efficiency of the converter is increased by up to 8% as compared to constant frequency operation, achieving a 
range between 89% to 99%.

Keywords Voltage stacking · Current recycling · Differential power processing · Microprocessor power supplies · DC-DC 
converters · Voltage regulation

1 Introduction

Performance and energy dissipation, particularly with the 
importance of cloud computing and mobile technologies, 
are limited by the power consumption and power density of 
the processors. According to the 2020 International Road-
map for Devices and Systems [1], power dissipation is the 
primary performance limitation in multicore processors, 
causing high ambient on-chip temperatures. Furthermore, 
a substantial portion of U.S. and worldwide electricity con-
sumption is due to the power consumption of electronics 
[2]. Within a decade, electricity consumption of data cent-
ers is expected to reach 1000 TWh, more electricity than 
consumed by Japan and Germany combined [3]. 20% of this 
power is lost within the last centimeter of the power deliv-
ery system from the PCB to the multicore processor, while 

losses within the U.S. electrical grid thousands of miles long 
are only 6% [2]. Improving power delivery within the pro-
cessors is therefore economically beneficial, and an impor-
tant step in reducing the global carbon footprint.

Higher levels of parallelism and lower voltages require a 
large voltage conversion ratio and high supply currents, chal-
lenging existing power management systems. In particular, 
greater losses within the off-chip power delivery system are 
produced if the cores are connected in parallel, as illustrated 
in Fig. 1. An alternative approach to manage these issues is 
to serially connect (or voltage stack) the cores, as depicted 
in Fig. 2 [4–6]. In voltage stacking, the individual voltages 
of each serially connected core are summed. For the same 
power, the voltage across the serially connected loads is 
larger and the supplied current is smaller as compared to 
a parallel configuration composed of the same number of 
cores [7]. Increased power efficiency from 81 to 96%, as 
well as reduced noise and area have been demonstrated in 
voltage stacked systems [8]. A method to regulate the volt-
age and current in serially connected loads based on the 

 * Nurzhan Zhuldassov 
 nzhuldas@ur.rochester.edu

1 Department of Electrical and Computer Engineering, 
University of Rochester, Rochester, New York 14627, USA

http://orcid.org/0000-0002-2852-6587
http://crossmark.crossref.org/dialog/?doi=10.1007/s10470-024-02297-6&domain=pdf


 Analog Integrated Circuits and Signal Processing           (2025) 122:6     6  Page 2 of 9

power demand of each core is differential power processing 
(DPP) [9–11].

A specific DPP converter, a ladder buck-boost converter 
(buck converter), placed within the package is considered 
here [12, 13]. This buck converter is applied to a system 
where the current within the individual cores in a serially 
stacked system is highly different. A power difference of up 
to three times has been considered in previous work [13]. 

In this result, current in one of the cores is assumed larger 
by up to ten times than in the adjacent cores. The current is 
assumed here to be delivered in nanoseconds unlike micro-
seconds in previous systems [13, 14]. A model to estimate 
the voltage drop for significant differences in core current 
is discussed herein.

If a buck converter is required to maintain the voltage 
drop at extreme differences in core currents, the converter 
will operate at an unnecessarily high frequency when the 
current differences are smaller. The frequency is constant 
since the inductance is fixed. As a result, the power effi-
ciency of the system is lower. A circuit topology which sup-
ports different frequencies is proposed. In an interleaved 
system with different active phases, the inductance within 
the converter can be varied during runtime, adapting the 
frequency of operation to the current demand. By lowering 
the switching losses, the power efficiency of the system is 
increased.

Voltage stacking and the power efficiency of a ladder 
buck-boost converter are described in Sect. 2. An analytic 
model of a buck converter within a voltage stacked system 
and an effective technique to increase the power efficiency of 
voltage stacked systems are proposed in Sect. 3. The model 
is evaluated and discussed in Sect. 4. Some conclusions are 
offered in Sect. 5.

2  Voltage stacking and power efficiency

Differential power processing converters, such as a buck 
converter, regulate the voltage within serially connected 
multicore systems. The power efficiency of these converters 
is an important characteristic of a multicore system. Voltage 
stacking is reviewed in Sect. 2.1. The power efficiency of a 
buck converter is described in Sect. 2.2.

2.1  Voltage stacking in power delivery systems

Power delivery systems can be categorized based on the par-
allel or series connection of the loads. A parallel connection 
is a common architecture in CPUs, particularly multicore 
processors, as illustrated in Fig. 1. The loads are represented 
by individual cores and are supported by a common power 
network [15]. Due to the low voltage of the individual cores, 
a parallel connection requires a large voltage conversion 
ratio, which produces higher power conversion losses in pro-
portion to the conversion ratio [11, 16]. Furthermore, a par-
allel connection requires a higher supply current within the 
common power network, dissipating more power. Dynamic 
voltage and frequency scaling [17] can be used to reduce the 
power consumption; the delivered power is however limited 
to the current required by the individual cores [14, 18–23].

Fig. 1  Power delivery system with parallel connected loads

Fig. 2  Power delivery system with serially stacked loads.  IS is the 
core current, and  IDPP is the current supplied by the DPP converter
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An alternative approach is a power delivery system with 
serially connected loads, which is illustrated in Fig. 2. This 
power delivery topology, voltage stacking, has been exten-
sively studied [4, 5, 24]. The serial connections increase over-
all efficiency due to the smaller voltage conversion ratio, and 
lower the power dissipated by the interconnects due to the 
reduced supply current. The latter advantage also increases 
the reliability as the interconnects are less sensitive to electro-
migration due to the lower currents [15].

Differential power processing is realized when serially 
stacking the loads rather than using a parallel connection. The 
voltage across each load is summed, lowering the conversion 
ratio requirements. As compared to a parallel connection, the 
total current is approximately N times lower for N stacked 
elements.

To produce the necessary voltage across each load, addi-
tional current needs to be supplied. Differential power con-
verters can maintain a target voltage by delivering this extra 
current. Only this extra mismatch current (the differential cur-
rent between loads) is managed by the converters, while the 
bulk of the current passes through the serial connection to a 
neighboring core. Most of the current is provided by a single 
converter with a relatively high output voltage, increasing the 
overall efficiency of the system.

Connecting a bidirectional converter to provide or remove 
extra current between adjacent loads produces a load-to-load 
configuration. A buck converter within this load-to-load con-
figuration is shown in Fig. 3. Note that the regulator current 
not only depends upon the mismatch current but also on the 
current required by the adjacent regulators, as the regulators 
are connected to each other. Power is transferred across several 
converter stages to provide current to a specific load. Another 
disadvantage of this configuration is that failure of one of the 
stages disables all of the other stages, lowering the reliabil-
ity of the converter. However, when the differential current 
between the loads cancels, the requirements on the primary 
converter, which feeds all of the loads, are reduced.

A load-to-load buck converter operating under high mis-
match currents between adjacent loads is considered here (see 
Fig. 3). Currents in each core are equal in a balanced system. 
This buck converter maintains the core voltages within a verti-
cally stacked, unbalanced system when the current in one core 
is significantly greater than in the other cores. For example, 
a scenario where a ten times greater current (ten times factor 
increase) is supplied within 10 ns [25] is considered here. A 
method to increase the power efficiency of this converter in 
highly unbalanced systems is also proposed.

2.2  Power efficiency of buck converter in voltage 
stacked systems

Although switching regulators ideally consume no power, 
practical DC-DC converters dissipate power due to the 

nonideal characteristics of the circuit elements. The major 
sources of power consumption can be grouped into three cat-
egories [26],

where Pconduction is the conduction losses, PQG is the losses 
due to the gate driving currents (switching losses), and 
Pcontroller is the losses within the controller. As the conduc-
tion losses and controller losses are approximately the same 
for both traditional constant frequency operation and the 
proposed variable frequency operation, the gain in efficiency 
is primarily due to reduced switching losses PQG.

The charge/discharge cycle directly contributes to the dis-
sipated power. The switches within the buck converter are 
controlled by a pulse width modulator [25]. As noted in (2), 
the switching power is proportional to the gate drive voltage 
VG , operating frequency f, gate charge on the MOSFETs QSW , 
and number of switches N [27],

While at constant frequency, the frequency of operation 
depends upon the maximum possible load change, allowed 
voltage drop, and voltage ripple. The voltage drop is propor-
tional to the inductance and change in current ( V = L

di

dt
 ). The 

(1)Ploss = Pconduction + PQG + Pcontroller,

(2)PQG = VG × f × QSW × N.

Fig. 3  Load-to-load topology composed of buck converters
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inductance determines the voltage ripple of the delivered 
power. While maintaining the same voltage, the inductance 
can be increased when the current demand is low. The volt-
age drop is maintained below the maximum level by increas-
ing the inductance while reducing the current demand. The 
higher inductance, alternatively, maintains the voltage rip-
ples within the target constraints at lower frequencies.

3  Voltage drop model and inductance 
control

As mentioned in Sect. 2.2, reducing the frequency of opera-
tion will reduce the overall power consumption and increase 
the power efficiency. The frequency of operation is changed 
by varying the inductance within the buck converter, as 
shown in Sect. 3.1. Estimates of the gain in efficiency are 
discussed in Sect. 3.2. A method to change the inductance 
during runtime is proposed in Sect. 3.3.

3.1  Relationship between inductance 
and frequency

A section of the buck converter with a single core can be 
represented by an RLC circuit, as shown in Fig. 4. From 
VL = L ⋅ di∕dt and VR = VS − VL , if a change in the load cur-
rent occurs within a short period of time, the voltage across 
the inductor VL will increase, causing the voltage drop within 
the core ΔVR to decrease. An expression characterizing the 
RLC circuit shown in Fig. 4 is

where the core with the varying current demand is rep-
resented as a variable load R(t) . An estimate with a con-
stant core current is analytically determined, followed by 
a numerical approximation with a changing core current.

(3)
R(t)LC

d2i(t)

dt2
+ L

di(t)

dt
+ R(t)i(t) = VS, i(0) = 0, i�(0) = VL∕L,

The core voltage in an RLC circuit from (3) is shown in 
Fig. 5(a). The current demand in the core increases tenfold 
within 10 ns. The simulated voltage waveforms are shown 
in Fig. 5(b). Simulations confirm the accuracy of the core 
voltage estimation from (3).

As shown in Fig. 6, the voltage drop within the core 
decreases as the rise time dt of the current increases from 
0.01 to 100 � s. Similarly, varying the inductance and decou-
pling capacitor in the buck converter changes the voltage 
drop, as shown, respectively, in Figs. 7 and 8. The voltage 
drop ΔVR increases from 50 mV, when the inductance is 0.1 
nH, to 400 mV with a 20 nH inductance. Note that the volt-
age ripples decrease with increasing inductance. Similarly, 
when capacitance C is increased from 0.02 mF to 1 mF, the 
voltage drop is reduced from almost 500 mV to 100 mV. 
This model analytically predicts the voltage drop for differ-
ent rates of change in the current, inductors, and decoupling 
capacitors.

For faster changes in current, the inductance should be as 
small as possible. For smaller inductance, a higher frequency 
of operation is necessary due to the increased voltage ripples. 
With slower changes in current, a larger inductance leads to 
higher power efficiency since a lower frequency can be used.

VS

+ VL -

VR C
+

-

+

-

Fig. 4  RLC circuit which represents a single section of a multilevel 
buck converter

Fig. 5  Output voltage waveform of the core, a RLC circuit, and b sin-
gle stage of the multilevel buck converter. Note that the estimated and 
simulated waveforms are within 7.1%
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3.2  Estimation of power efficiency

To determine the voltage drop within the core, (3) is trans-
formed to

where t is the time, L is the inductance, C is the total decou-
pling capacitance, VL(0) is the initial voltage of the induc-
tor, and I(0) is the initial current. Constants a and b are, 
respectively,

Since the core resistance is variable, (4), (5) and (6) are 
evaluated numerically. The inductance required to maintain 
a 100 millivolt voltage drop at different current demands is 
listed in Table 1.

Using (3) and the inductance values listed in Table 1, the 
frequency of operation of the buck converter at different cur-
rent demands is shown in Fig. 9. The maximum allowed 
voltage ripple is chosen as ten millivolts. The frequency 
approaches 15 MHz when the current is increased by ten times 
in core 2. The switching power losses at each frequency are 
also shown in Fig. 9. Note that the switching power loss ranges 
up to 2.5 watts.

The power efficiency at these target frequencies are esti-
mated using (1) and (2) and depicted in Fig. 10. Note that the 
efficiency increases by up to 8% as compared to operating at 
a constant frequency. The power efficiency grows by 2% with 
an eight times increase in core current, and by 7% when the 
current is increased by two. The power efficiency with a vari-
able frequency ranges from 89% to 99%.

3.3  Method to vary inductance during runtime

Changing the inductance in the buck converter after manu-
facture is a difficult task. A proposed solution is an inter-
leaved system. Multiple phases exist in an interleaved sys-
tem. The total inductance changes by maintaining different 
active phases during different current demand conditions, as 
shown in Fig. 11. Similarly, a 16-phase interleaved system 

(4)

VR = V − Leat

⎛
⎜⎜⎜⎝

VL(0)

L

�
cos bt +

a

b
sin bt

�
−

�
I(0) −

V

R

�
sin bt

bLC

⎞
⎟⎟⎟⎠
,

(5)a = −
1

2RC
,

(6)b =

√
1

LC
− a2.

Fig. 6  Core voltage with variable core current. Current is changed 
within a 0.01 � s, b 1 � s, c 10 � s, and d 100 �s

Fig. 7  Core voltage with variable inductance L in the buck converter, 
a 0.1 nH, b 1 nH, c 10 nH, and d 20 nH

Fig. 8  Core voltage with variable decoupling capacitor in the buck 
converter, a 0.02 mF, b 0.05 mF, c 0.2 mF, and d 1 mF

Table 1  Maximum inductance to maintain 100 millivolt voltage drop under different load conditions

Factor increasein load 2 3 4 5 6 7 8 9 10

Inductance L, nH 13.75 3.75 2.00 1.25 0.81 0.47 0.33 0.28 0.25
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with a different inductance during each phase is proposed. 
The inductance of each phase is listed in Table 2. The active 
phases under different load conditions and the total inductance 
are listed in Table 3. The inductances are similar to the target 
inductances listed in Table 1.

4  Higher efficiency with unbalanced 
conditions

The power efficiency of a buck converter in a voltage stacked 
system is examined in this section. The increase in power 
efficiency with the proposed technique is validated by Mat-
lab Simulink [28] and SIMPLIS [29]. The simulation setup 
is reviewed in Sect. 4.1. A method to increase the power 
efficiency is proposed in Sect. 4.2.

4.1  Simulation setup

A load-to-load buck converter is shown in Fig. 3, where 
the converter is within the package. Two large decoupling 
capacitors per core exist, one on-chip and the other on-
package. Since the converter is located on-package, the 
parasitic impedance of the package interconnects cannot 
be neglected. The power supply is assumed to be placed 
on a printed circuit board. The converter contains 16 inter-
leaved phases.

The multilevel converter drives four cores, modeled as 
a variable resistor. Each core consumes a steady state 8 
amperes at 0.8 volts. To evaluate changes in the current con-
sumption of each core, the current in one core is increased 
over a 10 ns time interval. The current ranges between 8 
amperes and 80 amperes. The specifications of the converter 
are listed in Table 4.

Fig. 9  Frequency of operation 
to manage changing current 
demand. The corresponding 
switching losses are shown 
on the right axis. The target 
frequency is shown as a dashed 
line, the actual frequency is 
shown as a solid line, and the 
switching losses are shown as a 
dot dashed line

Fig. 10  Power efficiency of a 
synchronous converter when the 
current in core 2 is increased by 
up to ten times from a balanced 
condition. The converter effi-
ciency is shown for constant and 
variable frequency operation
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To maintain high quality power, certain performance con-
straints are introduced. The maximum allowed voltage ripple 
is chosen as ten millivolts. A transient voltage drop of up to 
100 millivolts is arbitrarily chosen as a permissible voltage 
noise level for the highly imbalanced condition. Assuming a 
ten times increase in current, a 16 phase converter operating 
at 15 MHz achieves these design objectives, as described in 
Sect. 3.2.

4.2  Power efficiency of buck converter in a voltage 
stacked system

With a tenfold increase in current, the frequency of opera-
tion is maintained at 15 MHz to ensure the voltage drop 
does not exceed the target level, as described in Sect. 3.2. 

The inductance of the buck converter is chosen for this 
frequency due to the voltage ripple constraint. The power 
efficiency of the buck converter is therefore lower when 
the difference in current between the cores is small (e.g., 
less than a tenfold difference).

The power efficiency of the four core, serially stacked 
system operating at 15 MHz for different current demands 
is depicted in Fig. 10. Note that the power efficiency of the 
buck converter ranges between 89% and 93%. Switching 
losses are the primary loss mechanism at low current. At 
higher current demand, conduction power losses become 
significant.

To achieve higher power efficiencies, a buck converter 
with a variable inductance is required, as discussed in 
Sect. 3.2. Using the technique described in Sect. 3.3, the 
inductance is changed during runtime. The frequency and 
corresponding switching losses are illustrated in Fig. 9. 
The frequency ranges from 2 to 15 MHz as opposed to 
a constant 15 MHz. The power efficiency of the stacked 
system is therefore enhanced. The power efficiency of the 
buck converter, depicted in Fig. 10, increases by up to 
8%, ranging between 89 to 99%. For a two to seven fac-
tor increase in load, improvements in power efficiency of, 
respectively, 0.5 to 5% are observed.

Fig. 11  Total inductance is var-
ied by turning off certain phases

All phases active 
Ltotal = 4 nH

Four phases active 
Ltotal = 60 nH

Two phases active 
Ltotal = 220 nH

Table 2  Inductance of each 
phase of an interleaved system

Phase number 1 2 3 4 5 6–7 8–9 10–12 13–16

Inductance L, nH 13.75 5.15 4.30 3.35 2.30 2.20 2.50 5.00 9.00

Table 3  Number of active 
phases for different current 
demand

Factor increasein load 2 3 4 5 6 7 8 9 10

Active phases 1 1–2 1–3 1–4 1–5 1–7 1-9 1-12 1-16
Total inductance Ltot , nH 13.75 3.75 2.00 1.25 0.81 0.47 0.34 0.28 0.25

Table 4  Circuit parameters of the four stage buck converter

N parallel phases 16

Frequency 15 MHz
On-chip capacitors 4 x 12 �F
On-package capacitors 4 x 100 �F
On-chip inductors 16 x 3 x 50 pH
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5  Conclusions

A buck converter connected to a four core, serially stacked 
system is considered here. The system is evaluated when 
the current between the cores reaches a ten times differ-
ence. An analytic model to determine the voltage drop for 
a variable core current is presented. A method to increase 
the power efficiency is also proposed. The efficiency of a 
buck converter under highly imbalanced conditions can be 
improved by varying the frequency of operation. With an 
interleaved system, the inductance of the converter can be 
changed during runtime. The switching losses are there-
fore reduced by dynamically changing the inductance and 
frequency. The resulting power efficiency of the load-to-
load buck converter with changing inductance and fre-
quency increases by up to 8%, ranging between 89% to 
99%.
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