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ABSTRACT 
 While the large passive elements of power converters are in 
the way of converging walls of shrinking cell phones and cam-
eras, the new capabilities these devices flaunt are creating addi-
tional burdens and making it difficult to meet specifications with-
out even bigger elements. Active circuits that enhance the effects 
of passive elements will allow power converters to handle larger 
loads and get smaller at the same time. This paper presents a pre-
dictive inductor multiplier circuit that amplifies the effective in-
ductance in a Buck converter. The output ripple of the simulated 
converter is so small that the converter appears to have an induc-
tance thirty-eight times the value actually used. Compensating for 
small inductors introduces new power losses, but it is discovered 
that linear regulators and faster switching converters can be even 
less efficient. 
 
Categories and Subject Descriptors: 
B.7.1 [Integrated Circuits]: Types and Design Styles 
 
General Terms: 
Performance, Design 
 
Keywords: 
Power Management, Integrated Inductors, Inductor Multipliers, 
Active Ripple Filters 
 
1. INTRODUCTION 
  Portable electronics are becoming more compact and 
more versatile to satisfy consumer demand for convenience and 
style and to realize industrial dreams of a world filled with sen-
sors. While cell phones have swallowed digital cameras, game 
consoles, and media players without gaining any weight, similarly 
thin, light electronic organizers now boast of their talents for wire-
less web browsing and global positioning. Further integration 
could feature all of this functionality in a single chip and new 
intelligent sensors embedded in everything from clothing to coffee 
mugs [1], [2]. However, these dreams imply conflicting require-
ments for power management circuits, which need large passive 
elements to reliably support all of these new features. Switching 
regulators use inductors and capacitors to transform and filter 

supply voltages, and these elements are already made as small as 
possible to save space. The sizes of these components are in-
versely proportional to the unwanted ripple on the regulated out-
put, and therefore, as shrinking portable electronics draw more 
power to perform more numerous and demanding tasks, regulators 
will actually need larger passive elements to keep pace. The use of 
smaller components can translate into an unsteady and useless 
supply for subcircuits in the system. 
 Linear regulators avoid this conflict because they do not 
require large inductors and capacitors. In a linear regulator, a tran-
sistor is connected between the unregulated input and the regu-
lated output supply. The circuit is effectively a variable voltage 
divider, and it yields a steady output voltage regardless of the 
current demanded. However, the output current is always the 
same as the input current, and this means that the efficiency of a 
linear regulator can never be higher than the ratio of output to 
input voltage. This is a major limitation in very common situa-
tions like when a Lithium ion battery in the three to four volt 
range provides power for one to two volt digital circuits. 
 Switching regulators are very popular, because they can 
efficiently convert supply voltages regardless of the conversion 
ratio. One type is a switched capacitor converter, also called a 
charge pump. In these topologies, one or more capacitors are con-
nected to the source to charge for a period of time. They are then 
connected to the load where they deliver the output current and 
sustain the output voltage. Depending on whether the capacitors 
are connected to the source and load in series or in parallel, these 
topologies can produce output voltages that are higher or lower 
than the input. These circuits are popular with designers because 
they do not use inductors, which are expensive. However, the 
conversion ratio is fixed by the topology, which makes them less 
versatile than the other type of switching regulators [3]-[6]. 
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Figure 1. A Buck converter (a) is shown with pulse 

voltage (b) and inductor current waveforms (c). 
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 Switched converters that use inductors are the most versa-
tile of power management circuits, because the possible conver-
sion ratios are unlimited. Figure 1 shows the schematic of a Buck 
converter, which provides a low output voltage from a higher 
input. In this circuit, the two switches are opened and closed in a 
complimentary fashion, so that the voltage at the intermediate 
node, VΦ, is a square pulse with a specific duty cycle. The desired 
output of the circuit is the average of this pulse, equal to the prod-
uct of the input voltage and the duty cycle. The inductor and ca-
pacitor form a second-order filter to reduce the higher frequency 
components and leave the output voltage with little or no ripple. 
 With few exceptions [7], these passive elements reside off 
the chip because of their physical dimensions. The effects of 
smaller inductors and capacitors can be compensated for by 
switching faster, which moves the frequency harmonics in the VΦ 
waveform higher in the spectrum where the attenuating action of 
the inductor and capacitor combination is greater. This strategy 
consumes power in the form of greater switching losses and it 
therefore lowers efficiency. An alternative is to develop active 
circuits that multiply the effect of the passive elements. Inductor 
multipliers, in particular, can compliment recent work on inte-
grated inductor fabrication technologies [8]-[10]. The combina-
tion of inductor multipliers with these larger inductors can allow 
smaller, system-on-chip converters with equal or better precision 
than discrete versions. However, the value of such converters to 
product designers will also be determined by the losses incurred 
by the multiplier. A Buck converter with an inductor multiplier 
must be more efficient than a linear regulator to be useful, and 
similarly, the cost of adding the multiplier must be less than that 
of switching faster. Section II will discuss different approaches to 
inductor multipliers, Section III will present a new circuit, and 
Section IV will evaluate its performance. 
 
2. INDUCTOR MULTIPLIERS 
 Active devices could substitute for the inductor altogether. 
In particular, transconductance-capacitor (Gm-C) filters can re-
produce the frequency response of an inductor [11] [12], and they 
previously have drawn attention in this application [13]. However, 
this technique requires that an active element pass the dc current 
as one does in a linear regulator, and a switching converter that 
used it would be even less efficient than one. Consequently, it 
makes more sense to enhance the inductor than to replace it. 
 The concept of inductor multiplication originates in the 
fundamental relationship between current and voltage for an in-
ductor, 
 

(1) 
 
Dividing the voltage across the inductor by a factor has the same 
effect on the current ripple as multiplying the inductance by that 
factor. This has been called voltage mode inductor multiplication 
[13]. In contrast, the current mode approach keeps the voltage 
constant. Then if part of the ripple is redirected from the output of 
the inductor, the effect on other elements is the same as using a 
bigger inductor. The voltage mode approach is problematic for 
power converters because it requires the addition of lossy ele-
ments in series with the inductor [14] or some sort of dc-dc con-
version for itself, but the current mode approach is promising 
especially in the context of a Buck converter, because in that to-
pology, redirecting leftover ripple amounts to active ripple filter-
ing. Others have viewed the problem in this way and had success 
[15]-[17]. 

 The techniques they have proposed can be divided several 
ways, but the most important distinction is between those that 
sense the ripple and those that predict it, as shown in Figure 2 and 
Table 1. The former can sense the current ripple through the in-
ductor or the voltage ripple at the output node, though in [15] and 
[16], strategies for sensing the inductor current directly proved to 
be either very difficult or unreliable. In contrast, applications of 
the voltage sensing strategy (Figure 2a) have effectively multi-
plied the inductance by 130 when the output ripple is already 
small [15] and by 10 under harder conditions [13]. 
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(c) 
 

Figure 2. The feedback (a) and predictive (b) 
 approaches both generate complimentary 

ripple currents (c). 
 
 The predictive approach (Figure 2b) exploits the topology 
of the Buck converter, and the familiar and simple voltage and 
current waveforms produced within it [17]. It relies on the fact 
that while either switch in the Buck converter is closed, the volt-
age impressed across the inductor is constant assuming a negligi-
ble ripple at the output. If the inductance is known, then the cur-
rent through it rises or falls at a predictable rate, and a compli-
mentary current ripple (Figure 2c) can be generated and injected 
at the output so that the voltage there is steady. In [17], the induc-
tor gain varies from six to ten for a range of load conditions. Table 
1 compares the solutions in their important respects.  
 Since these are all current-mode approaches, they will all 
consume the same power to cancel the inductor ripple current. 
Therefore, the efficiency of a converter should be about the same 
regardless of which multiplier is used. The predictive approach is 
more stable, since it uses a feedforward path, but it is probably 
less accurate than the voltage sensing approach for the same rea-
son. Since the difference in stability is inherent, but the difference 
in accuracy may not be, the predictive approach is the best with 
which to start. 
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Table 1. Comparison of Active Multipliers 
 

Sensing 
(Feedback) 

 
Current 
[15][16] 

Voltage 
[13][15] 

Predicting 
(Feedforward) 

[17] 

Area Poor Excellent Excellent 

Stability Good Good Excellent 

Efficiency Good Good Good 

Accuracy Poor Excellent Good 

 
 

3. PROPOSED CIRCUIT 
 The current through the inductor in a Buck converter is a 
triangle wave. It ramps up at a rate proportional to the difference 
between the input and output voltages, and it ramps down at a rate 
proportional to just the output voltage. The easiest way to gener-
ate such a wave is to inject a square pulse into a capacitor, as 
shown in Figure 3. One level of the pulse should be proportional 
to the difference between the input and output voltages, and the 
other proportional to just the output voltage.  

 
Figure 3. Concept for building a triangular wave. 

 
 This is a more precise way of building a complimentary 
ripple from the information available in the converter than the 
classic integrator used in [17]. The current sources can be imple-
mented by forcing the necessary voltages across resistors and 
mirroring the resulting currents as shown in Figure 4. When the 
current through the inductor is decreasing (VΦ is low), an opamp 
imposes a reference equal to the output voltage across a resistor. 
The resistor current is mirrored and sourced to the capacitor, Ctri-

angle. A similar thing happens during the other half of the cycle, 
when a constant current proportional to the difference of Vin and 
Vout flows out of Ctriangle. This process will create a triangular volt-
age waveform across Ctriangle as long as that waveform does not 
clip at Vin or ground. For this reason, Vtriangle is biased at an inter-
mediate voltage, Vbias.  
 

 
 

Figure 4. Implementation of controlled current sources. 
 

 Any error in the currents that alternately flow in and out of 
Ctriangle will cause the dc level of the voltage across it, Vtriangle to 
drift towards Vin or ground. Adding a large resistor in parallel 
with Ctriangle will prevent that but it will also allow a dc offset to 
reach the transconductor. If this happens, the transconductor will 
conduct a dc current as part of the load current that the inductor 
would normally carry alone, and the efficiency of the converter 
will decrease.  
 Consequently, it is important to limit any offsets in the 
circuit leading to the transconductor. One source of mismatch is 
the pair of opamps that may have different input offset voltages. If 
one opamp is used to alternately control both mirrors this source 
of error is neutralized. Figure 6 shows how the mirrors can share 
the opamp with the aide of four switches.  
 The mirrors themselves may have dc offsets, and so a high-
pass filter is added to the combination of Ctriangle and a large resis-
tor, as shown in Figure 6. The complete filter must filter dc offsets 
and integrate the square current pulse as a single capacitor would 
and as shown in Figure 5. 
 

 
Figure 5. Filter frequency response.
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Figure 6. Implementation of Op-Amp sharing and additional filtering. 
 

4. SIMULATION RESULTS 
 An open-loop Buck converter with a 1µH inductor and a 
10µF capacitor was simulated at 100kHz with a fifty percent duty 
cycle and a 1A load current. Without the inductor multiplier, the 
output voltage had a very large ripple as shown in Figure 7. That 
ripple is thirty-eight times smaller with the inductor multiplier.  

 
  

Figure 7. Output voltage with and without the multiplier. 
 

 The attenuated ripple has new frequency components, be-
cause the synthesized ripple does not vary from an ideal triangle 
wave in the same way that the inductor ripple does. This imper-
fect cancellation is shown in Figure 8. Interestingly, the inductor 
current ripple is decreased by a factor less than twenty, which is 
slightly more than half the factor by which the output voltage 
ripple of the converter has been decreased. The capacitor makes 
up the difference because it filters a higher frequency current 
ripple (IL + Ipredictive) than normal (IL). 
 Other than the multiplication factor, the most important 
metric for the inductor multiplier is the new efficiency of the 
Buck converter. However, this is dependent on the size of the 
inductor current ripple and the efficiency of the original converter. 
This makes comparing inductor multipliers to linear regulators 
and faster converters a project by itself. In an earlier study involv-

ing one simulated converter, decreasing the inductance and adding 
the inductor multiplier reduced the efficiency of the original con-
verter from 86% to 74% [13]. A linear regulator designed for the 
same conversion ratio would have been 68% efficient, while a 
converter switching fast enough to produce the same low ripple 
would have been 78% efficient. 
 However, using the inductor multiplier instead of a higher 
switching frequency can actually save power. It can be shown that 
when switching losses are already high, increasing the switching 
frequency to reduce the ripple consumes more power than gener-
ating a complimentary ripple. 
 

 
 

Figure 8. Inductor current, predictive current, and sum. 
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 To begin, switching losses are proportional to frequency as 
shown in Eq. 2, 
 

(2) 
 

where tx is the combined rise and fall time of the switches in the 
Buck converter. The losses introduced by the multiplier are de-
termined by the inductor current ripple and the supply voltage of 
the transconductor (Gm), as shown in Figure 9. 

 
 

Figure 9. Transconductor (Gm) stage and current waveforms. 
 
 Each transistor in the output stage will have to conduct half 
of the synthetic complimentary ripple each period, and the aver-
age current through them will be equal. The voltage across the top 
transistor is always the difference in the input and output voltages, 
while the voltage across the bottom is just the output voltage. 
Summing the constant voltages across the transistors and multi-
plying by the average current through them gives the total power 
lost in these elements, 
 

(3) 
 
 

Table 2. Example Of Converter Losses 
 

 Faster 
Switching 

Inductor 
Multiplier 

Big Discrete 
Inductor 

f 5.5MHz 1MHz 1MHz 

∆IL 136mA 750mA 25mA 

DC 224mW 224mW 224mW 

RMS 1.02µW 3.09mW 3.44µW 

SW 660mW 120mW 120mW 

LMX 0mW 280mW 0mW 

Total 884W 628mW 344mW 

Efficiency 77.2% 82.7% 89.7% 

 
  

 An integrated converter might have the following specifi-
cations: Vin=3V, Vout=1.5V, L=1µH, C=1µF, Iout=2A, RHS=75mΩ, 
RLS=10Ω, RESRL=RESRC=10mΩ, and tx=20ns. In this case, if the 
proposed circuit multiplies the effective inductance by a factor of 
thirty, then a similar converter without the multiplier would have 
to switch five and a half times faster to achieve the same accu-
racy. As shown in Table 2, the inductor multiplier introduces 
280mW of unique losses (LMX), but switching losses (SW) in the 
other converter start at 120mW and multiply by 5.5.  The circuit 
with the inductor multiplier is more than 5% more efficient. A 
consequence of the above equations is that larger on-chip induc-
tors, higher switching frequencies, and higher loads all increase 
the advantage of inductor multipliers in relative efficiency. 
 The inductance used in the example is larger than can be 
produced on chip, but only to demonstrate clearly the advantage 
of inductor multiplication. Even though integration onto the IC is 
the ultimate purpose, this technique would also save board area by 
reducing the necessary inductance to that size. Also, the feasibility 
and cost of applying the technique to every inductor on chip is not 
here considered, because one main power inductor for the entire 
chip is envisioned, and the inductor current waveforms in other 
applications may not be as simple to process. 
 

 
 

Figure 11. Cancellation of forward paths. 
 

 A disadvantage of using the predictive inductor multiplier 
is degradation of the transient response. As shown in Figure 11, 
the added path from VΦ to Vout, through the inductor multiplier 
cancels the original path through the real inductor, so that no trace 
of the ac component of VΦ appears at Vout. This is, after all, the 
point of the inductor and the inductor multiplier. However, if the 
two paths cancel perfectly, the converter cannot respond to load 
transients as the control loop from VΦ to Vout and back to VΦ is 
effectively open. Essentially, as the effective inductance increases 
towards infinity so does the settling time of the converter. The 
effect would be no different if a large inductor were used. It is the 
same tradeoff that designers already face. However, the possibil-
ity remains that the inductor multiplier can be switched out of the 
circuit, leaving only a small inductor and a fast converter for large 
transients. This may eliminate the tradeoff altogether. 

 
5. CONCLUSIONS 
 There are clearly cases in which inductor multipliers are 
the most efficient way to integrate dc-dc converters on chip. This 
implementation of the predictive technique multiplies the inductor 
almost forty times. Defining the set of cases in which its use is 
appropriate is difficult, however. Generally, when the initial ripple 
is already low, an inductor multiplier will further attenuate it more 
efficiently than increasing the switching frequency can. Progress 
in on-chip and on-package inductor fabrication technologies con-
sequently favors inductor multipliers. Because of it, the situations 
in which dc-dc converters are preferable to linear regulators will 
become more numerous, and inductor multipliers will help to 
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make room for even more functionality in longer-lasting and more 
compact portable electronics. 
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