
ABSTRACT

PARK, JINSEOK. Sample-Data Modeling for Double Edge Current Programmed Mode
Control in High Frequency and Wide Range DC-DC Converters. (Under the direction of
Dr. Alex Huang.)

This dissertation focuses on sample-data modeling for double edge current programmed

mode control (DECPM) and its application to high frequency and wide range DC-DC

converters. Steady state conditions and subharmonic oscillation issues for DECPM are

addressed. By combining the conventional peak and valley current programmed mode

control, a sample-data model for DECPM is proposed. A small signal model for DECPM

is developed by deriving the modulation gains (Fm) and the sampling gains (He) for

DECPM from the proposed sample-data model. The sampling frequency dependence on

the duty ratio and a large current loop gain at high frequency for DECPM are empha-

sized. The analytical results are verified by the simulation. Finally, DECPM is proposed

as a method to control the high frequency and wide range DC-DC converters. A 10MHz

four switch buck boost converter is implemented with DECPM to verify the viability of

its application to high frequency and wide range converters.
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Chapter 1

Introduction

1.1 Background : Wide range and High Frequency

Applications for DC-DC converters

There is an ever-increasing demand for small power supplies capable of working with wide

voltage range which uses the battery as a source. These applications are automotive [1],

portable battery-powered electronic devices [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

16, 17, 18, 19], and power factor correction (PFC) [20, 21].

Fig. 1.1 shows typical power supply rails used in the common portable battery-

powered electronic devices. As shown in this figure, the battery voltage change from

4.2V to 2.7V and each components in the system needs the fixed or variable voltage

irrespective of the battery voltage. In order for the system to have stable operation with

wide voltage variation, the wide range DC-DC converter is necessary.

Currently, most controller of the wide range converter is compensated by external

components which are out of the controller IC. TI’s TPS54362 and Maxim’s MAX8655

are the examples. When the operation range for these are determined, the compensation

1



Source : http://www.freescale.com/files/training_pdf/VFTF09_AC109.pdf

Figure 1.1: Supply voltages to the components in the portable battery-powered electronic
devices
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network is designed by the end users according to the worst case condition. This conven-

tional design may lose the performance at other operating conditions and need the end

users to discover the suitable compensation network to make the converter work stable.

However, if the controller can make the power plant transfer functions as constant as

possible for all operating points, the aforementioned issues are solved. That is that a

fixed compensator can make the converter operate stable with higher performance and

that the fixed compensator can be integrated into the controller for the end users not to

think of designing a proper compensator.

It is well known that the line regulation of the current programmed mode control is

superior to that of voltage mode control. It also has been reported that the conventional

current programmed mode control shows the smooth transition between CCM (Contin-

uous Conduction Mode) and DCM (Discontinuous Conduction Mode) [22]. It is shown

in [22] that when using current-mode control, there is little change in either the stability

margin or the closed-loop performance when crossing the boundary between continuous

and discontinuous mode of operation. These characteristics shows that the conventional

current programmed mode control is suitable to the wide voltage range converter.

Power density and response speed are important performance metrics in DC-DC

power converters for mobile applications [23]. Both of these metrics can be improved

by increasing the switching frequency of the converters. The higher switching frequen-

cies are allowed to use the small valued passive components which make the physical size

of the converters. These smaller passive components provide faster response to change

in operating conditions with the help of a shorter switching period. This faster response

is very crucial on some applications such as envelope modulator for polar modulation

applications. Therefore, there has been strong motivation to move to increased switching

frequencies if losses, switch driving, control, and other design challenges can be addressed.
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This dissertation proposes a new double edge current mode control (DECPM) for

wide range and high frequency application. Detail analysis on the proposed DECPM will

be addressed and the physical implementation of the DECPM into the high frequency

10MHz 4 switch buck boost converter will be shown. Therefore, DECPM will be verified

to overcome the aforementioned issues such as stable operation with wide voltage range

and high frequency operation.

1.2 Dissertation Outline

In chapter 2, the conventional current programmed mode control (CPM) is reviewed.

The steady state condition and the subharmonic issues are derived again. The sample-

data model of the peak CPM is revisited and its small signal model is shown by deriving

the modulation gain (Fm) and sampling gain (He). The Ridley’s method is used for this

modeling.

Chapter 3 introduces the double edge current program mode control (DECPM) and

its modeling. This chapter starts from the derivation the steady state conditions and

the subharmonic oscillation issues. A sample-data model for DECPM is proposed by

mathematically combining the conventional peak CPM and valley CPM models. The de-

pendence of the sampling frequency on the duty ratio is analyzed through this modeling.

A small signal model for DECPM is developed by deriving the modulation gains (Fm) and

sampling gains (He). The proposed DECPM model is compared with the conventional

single CPM by SIMPLIS simulations. The larger current loop gain at high frequency

for DECPM than single CPM will be verified. This large current loop gain introduces

DECPM to the high frequency and wide range DC-DC converter applications, and this is

demonstrated by the measurement results of the implemented 10MHz CMOS 4 switch

4



buck boost converter (4SBBC) in chapter 4.

Chapter 4 shows the architecture of the 4SBBC which is made of JAZZ 0.5µm. This

chapter also show the detail design of the key blocks for the 4SBBCS such as current

sensor and ramp signal generator. The measurement results show that the implemented

4SBBC with DECPM works well with a switching frequency of 10MHz and with with

wide range input and output voltage.

Chapter 5 show the power stage optimization of the 4SBBC for polar modulation

application. Differ from the conventional DC-DC applications, the output voltage of the

4SBBC changes dynamically for the polar modulation. This chapter briefly introduces

the polar modulation application for the DC-DC converter and the characteristics of the

EDGE signal which is used as a reference signal to the 4SBBC. This chapter shows the

detail power loss break-downs of the 4SBBC and its power stage optimization based on

average energy efficiency for the EGDE signal.

Chapter 6 is the conclusion of the whole dissertation and the list of future works.
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Chapter 2

Review of the conventional Current

Programmed Mode Control (CPM)

2.1 Introduction : Current Programmed Mode Con-

trol

Current Programmed Mode control (CPM) is widely accepted and used in industry due

to its inherent over-current protection, superior dynamic response, and ease of implemen-

tation of current sharing [22, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33]. Current Programmed

Mode control (CPM) is also called as current mode control. CPM can be divided into

peak CPM and valley CPM depending on the modulation scheme. As expected from the

naming, the peak CPM modulates the PWM signal by limiting the peak value of the

sensed inductor current signal and the valley CPM does it by limiting the valley value of

the sensed inductor current signal.

Fig.2.1 shows a block diagram of the conventional CPM which is specifically a peak

6
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CPM. Different from voltage mode control, CPM does not have saw tooth signal to

modulate the PWM duty signal. Instead of the saw tooth signal, CPM uses the inductor

current signal to modulate the PWM duty signal. In the Peak CPM, the power switch

is turned off when the sensed inductor current is larger than control signal (vc) which is

the output of compensator in Fig. 2.1 [34][24]. As a result, the peak point of the sensed

inductor current is controlled and this modulates the PWM duty signal.

Because of the well known subharmonic oscillation problem when duty cycle is larger

than 0.5 in peak CPM [34], the conventional CPM needs a ramp signal added in the

control loop. Fig.2.2 is a modified peak CPM block diagram with an additional ramp

generator. In the steady state, the peak point of the sensed inductor current is limited

by the control signal (vc) and the ramp signal which is shown in Fig.2.3.

This chapter will revisit the conventional peak CPM. The steady state conditions

are shown, and the subharmonic oscillation issue and its solution will be revised first.

The sample-data modeling of the peak CPM will be shown here again. The step-by-step

derivations of the sample-data modeling of the peak CPM is revisited and the bandwidth

limitation due to the sample-hold effect at the switching frequency is shown.

2.2 Steady State condition and Subharmonic Oscil-

lation

In this section, the steady state condition and subharmonic oscillation problem of the

peak CPM are revisited.

Fig.2.3 shows the steady state waveforms of the sensed inductor current (Ri · iL),

control signal (vc) and ramp signal. Here, Ri is the gain of the current sensor, and the

ramp signal with the slopes of Ma are added to the control signal (vc) to control the peak

8
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vc
Ri·ip

t

D
0 Ts

Figure 2.3: Steady state waveform of the sensed inductor current in Peak CPM with
ramp signal

value of the sensed inductor current. From the Fig.2.3, the peak (Ri · ip) of the sensed

inductor current are derived in terms of the control signal (vc), the rising slope of the

sensed inductor current (M1) and duty (D).

Ri · ip = Ri · iL(DTs) = vc −maDTs = Ri · iL(0) +m1DTs (2.1)

To see the steady state condition of the sensed inductor current (Ri · iL), the relation-

ship of the sensed inductor currents between the adjacent switching periods are derived

as shown below.

Ri · iL(Ts) = Ri · ip −m2D
′Ts

= Ri · iL(0) +m1DTs −m2D
′Ts (2.2)

In steady state, the condition of Ri · iL(Ts) = Ri · iL(0) should be satisfied. Thus, the
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Figure 2.4: Steady-state and perturbed sensed inductor current waveforms in peak CPM

steady state condition of peak CPM is derived from (2.2), and is

m2

m1

=
D

D′
(2.3)

For analyzing the subharmonic oscillation issues [34] in peak CPM, the sensed in-

ductor current is perturbed as shown in Fig. 2.4. Then, the subharmonic oscillation

conditions can be derived from the natural response of the sensed inductor current per-

turbation (Ri · îL).

From the simple trigonometric analysis of Fig. 2.4, the following equations are derived.

Ri · îL(0) = mad̂Ts +m1d̂Ts = (m1 +ma)d̂Ts (2.4)

Ri · îL(Ts) = mad̂Ts −m2d̂Ts = −(m2 −ma)d̂Ts (2.5)

From the above two equations, the following is derived directly.

îL(Ts) = −
m2 −ma

m1 +ma

îL(0) (2.6)
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By generalizing (2.6) with arbitrary timing, and it is

îL(nTs) = −
m2 −ma

m1 +ma

· îL((n− 1)Ts)

îL(nTs) = αp · îL ((n− 1)Ts) (2.7)

αp = −
m2 −ma

m1 +ma

, 1− αp =
m1 +m2

m1 +ma

(2.8)

(2.7) is a inductor current perturbation relationship between the adjacent switching

periods in peak CPM. Here, αp is the inductor current attenuation factor for the peak

CPM. By using the steady state condition of peak CPM in (2.3), αp in (2.8) is rewritten

in terms of the duty ratio, the slope of ramp signal and the falling slope of the sensed

inductor current as shown below.

αp =
1− ma

m2

D′

D
+ ma

m2

(2.9)

By doing similar derivation, the inductor current attenuation factor for the valley

CPM (αv) is derived like following.

αv = −
m1 −ma

m2 +ma

(2.10)

=
D′

D
− ma

m2

1 + ma

m2

(2.11)

It is well known that, without the ramp signals (Ma = 0), αp for peak CPM and αn

for valley CPM become larger than 1 when D > 0.5 and D < 0.5 respectively, which

causes subharmonic oscillation. The inductor current attenuation factors of the peak and

valley CPM without the ramp signals (Ma = 0) are derived below and showed in Fig.

12
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Figure 2.5: αp and αv at the function of duty cycle without artificial ramp

2.5.

αp|Ma=0 =
D

D′
(2.12)

αv|Ma=0 =
D′

D
(2.13)

To avoid subharmonic oscillations for the entire duty range, the inductor current

attenuation factors should be less than 1 for all operating conditions (i.e. for all duty

ratios). This is done by adding the ramp signal with an appropriate slope (ma). One

common choice of the ma in peak CPM not to have subharmonic oscillation for all duty

range is

ma =
1

2
m2 (2.14)
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With this choice of the ma, |αp| < 1 for 0 ≤ D < 1 and αp = −1 at D = 1. This is the

minimum value of ma which make the system stable for all duty cycles. [34]

2.3 Sample-data modeling

There has been much research on control modelings for high frequency converters which

can predict up to half the switching frequency [35, 36, 37, 24, 32, 31, 25]. In order to model

the current programmed mode control accurately to high frequency including the sample

and hold effects, the sample-data model is popular and widely accepted [24, 32, 31].

During this section, the sample-data modeling technique of the Ridley’s method [24]

to derive the current feedback transfer function of the peak CPM is reviewed. After

this derivation, a popular small signal model of the peak CPM is used to derive the

modulation gain (Fm) and sampling gain (He) by comparing with the derived the sample-

data current feedback transfer function, which can apply to design the compensator for

the outer voltage loop (T2).
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2.3.1 Sample-data current feedback transfer function

Fig. 2.6 shows the waveforms to derive the sample-data model for the peak CPM. This

figure shows the modulated duty signal (d̂) and the sensed inductor current perturbation

(Ri · îL) as the results of the control signal perturbation (v̂c). As shown in Fig. 2.6, it can

be observed that the sensed inductor current (Ri · îL) is updated once in one switching

period (Ts). The inductor current perturbation happens only once in each switching

period and is held for one switching period [24]. This makes the sampling frequency

of the control the same as the switching frequency of the power stage. Therefore, the

conventional CPM (here, peak CPM) has a fixed switching frequency in the power stage

and a fixed sampling frequency for the control. For this reason, the switching frequency

and the sampling frequency of the conventional CPM is considered as a same.

For the following peak CPM modeling, the voltages applied across the inductor are

kept constant and the current feedback loop is closed [24]. By using simple trigonometric

analysis at the time of (n−D)Ts from Fig. 2.6, the following two equations are derived.

Ri · îL[n] = Ri · îL[n− 1] + (m1 +m2)d̂[n]Ts (2.15)

v̂c[n] = Ri · îL[n− 1] + (m1 +ma)d̂[n]Ts (2.16)

By eliminating d̂[n]Ts and combining (2.15) and (2.16), the following equation is derived.

Ri · îL[n] = −
m2 −ma

m1 +ma

Ri · îL[n− 1] +
m1 +m2

m1 +ma

v̂ic[n] (2.17)

With the definition of the inductor current attenuation factor of peak CPM (αp) in (2.9),

16



(2.17) can be rewritten and it is

Ri · îL[n] = αp · Ri · îL[n− 1] + (1− αp) · v̂c[n] (2.18)

This (2.18) is the well known discrete time inductor current dynamics of the peak CPM

which shows the relation of the sensed inductor current perturbation (Ri · îL) and the

control signal perturbation v̂c) during one switching period of Ts [32].

By applying the Z-transform equivalent to (2.18), the discrete time current feedback

transfer function of the peak CPM in Z-domain is derived and it is

Ri · îL[n]

v̂c[n]
=

1− αp

1− αpz−1
(2.19)

In order to change it from the discrete time transfer function to a continuous time transfer

function, z = e−sTs and zero order hold function(ZOH) which hold the sampled value for

Ts are applied to (2.19). Then, the sampled-Laplace domain current feedback transfer

function of the peak CPM with ZOH for one switching period of Ts [24, 32] is

Ri · îL(s)

v̂c(s)
=

1− αp

1− αpe−sTs
·
1− e−sTs

sTs

(2.20)

2.4 Small Signal Model for CPM

In order to design feedback circuit and apply it to DC-DC converter, it is necessary to

develop a small signal model of current programmed mode control scheme with average

power stage model. Fig.2.7 shows the well known current mode control small signal

model diagram with averaged power stage model [34].

Based on (2.20), a small signal model for the peak CPM is developed and shown in Fig.
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Figure 2.7: Small signal model for CPM

18



m1 -m2

ma

Sensed inductor current (Ri · iL)

Artificial ramp signal

Comparator

Duty Cycle (d)

Control signal (vc)

Figure 2.8: Modulation in peak CPM

2.7 [34]. Gvd is the duty to output voltage transfer function, Gid is the duty to inductor

current transfer function, Gvg is the input voltage to output voltage transfer function and

Gig is the input voltage to inductor current transfer function. These transfer functions

are from the well known average power stage model [34]. Peak CPM related blocks are

Fm, He, Fv and Fg which are the modulation gain, the sampling gains, the feedforward

gain from output voltage and the feedforward gain from input voltage respectively. And

Ri represents the inductor current sensing gain.

In this section, the CPM related control blocks (gains) are revisited and the associated

gains of peak CPM are derived. For valley CPM, readers can follow the method shown

here to derive the equations.

2.4.1 Modulation gain (Fm) derivation

The Fm is known as a modulation gain. In peak CPM, the duty cycle is generated from

the comparator with the control signal, the sensed inductor current, and the ramp signal.

Fig.2.8 shows a diagram to explain the modulation gain [24]. From the Fig.2.8 and small
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signal approximation, Fm can be derived like below.

Fm =
1

(m1 +ma)Ts

(2.21)

This Fm also can be derived from the the small signal model of [24]. From the small

signal model, the modulation gain (Fm) can be defined as the ratio of the ‘current’ duty

perturbation (d̂[n]) to the difference of the ‘current’ control signal perturbation (v̂c[n])

and the ‘previous’ sensed inductor current perturbation (Ri · îL[n− 1]), and it is

Fm ≡
d̂[n]

v̂c[n]− Ri · îL[n− 1]
(2.22)

By assuming Fv = 0, Fg = 0, and He = 1 in Fig.2.7, the Fm is derived from the (2.16)

like below ans shows same as (2.21).

Fm =
d̂

v̂c − Ri · îL
=

1

(m1 +ma)Ts

(2.23)

2.4.2 Sampling gain (He) derivation

The He is a sampling gain to model the sample-hold effect which is derived from the

sample-data modeling shown in previous chapter. This gain has been derived with dif-

ferent ways from different authors so far. In this paper, Dr. Ridley’s method is used to

derive the He [24].

From the Fig.2.7, the response of îL to v̂c can be written like below.

îL(s)

v̂c(s)
=

FmGid

1 + FmGidRiHe

(2.24)
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And, by rewriting (2.20), the following equation is derived.

îL(s)

v̂c(s)
=

1

Ri

1− αp

1− αpe−sTs
·
1− e−sTs

sTs

(2.25)

Because (2.24) and (2.25) are same, the He can be derived by equating (2.24) and (2.25)

like below.

FmGid

1 + FmGidRiHe

=
1

Ri

1− αp

1− αpe−sTs

1− e−sTs

sTs

(2.26)

At first, Gid which is independent to power stage topologies need to be derived. Gid is

the gain from duty perturbation (d̂) to inductor current perturbation (îL) as shown in

Eq.(2.27)

Gid ≡
îL

d̂
(2.27)

Fig.2.9 is the small signal model of the power stage and CPM model with fixed voltages

[24][38]. From Fig.2.9, the Gid can be derived and expressed for all converters as follow.

Gid(s) =
Vap

s · L

Vap = Vac + Vcp

m1 =
Ri · Vac

L
, m2 =

Ri · Vcp

L

Gid(s) =
1

Ri

m1 +m2

s
(2.28)

With this (2.28), (2.23) can be rewritten like below.

Fm ·Gid =
1

Ri

1− αp

s · Ts

(2.29)
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With (2.29) and (2.26), the following is derived,

1 + Fm ·Gid ·Ri ·He =
esTs − αp

esTs − 1
(2.30)

From the above, the sampling gain (He) is derived and it is

He =
sTs

esTs − 1
(2.31)

In [24], the (2.31) is approximated like below.

He(s) ∼= 1 +
s

ωnQz

+
s2

ω2
n

(2.32)

where,

Qz =
−2

π

and,

ωn =
π

Ts

This (2.32) is the second order model of (2.31) and shows that the sampling gain (He)

has the complex double zeros at the half the switching frequency (fs = 1/Ts). From the

(2.24), it can be expected that the double zeros of the He will bring the double poles of

the system. For this reason, it is well known that this double zeros of the He at the half

the switching frequency limit the system performance which use the conventional CPM

[24, 25, 32, 39, 31, 40].
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Chapter 3

Double Edge Current Programmed

Mode Control

3.1 Introduction: background and previous works

on double edge modulation

In the previous chapter 2, we revisited Current Programmed Mode control (CPM). From

the duty modulation point of view, the conventional CPM which is either the peak CPM

or valley CPM is a single edge modulation scheme. The peak CPM only can modulate

the trailing edge of the duty, and valley CPM only can modulate the leading edge of the

duty during one switching period.

Fig.3.1 and Fig.3.2 shows the conceptual duty modulation examples for the peak CPM

and valley CPM respectively. As shown Fig.3.1 and Fig.3.2, in conventional single edge

current programmed mode control (hereafter referred to as “single CPM”), only one edge

of the duty signal is modulated by the control scheme; the other edge of the duty signal
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Figure 3.4: Sampling scheme of the PWM comparator:(a) trailing-edge PWM, and (b)
double-edge PWM.

is unmodulated and determined by a fixed clock. In other words, the inductor current

information is updated only once during a single switching period (Ts). Therefore, the

bandwidth of a system utilizing single CPM is limited to half the switching frequency

due to the corresponding sample and hold effects [24, 25, 31, 32, 39, 40].

Other authors have investigated double edge modulation schemes for converter ap-

plications. [41] addresses double edge modulation for voltage mode control and shows

that the sampling frequency is doubled when the duty ratio is 0.5. Fig. 3.4 is the sam-

pling scheme difference between trailing-edge PWM and the double-edge PWM in voltage

mode control shown in [41]. In this reference, the author comments that “Intuitively, the

double-edge PWM has a sampling frequency twice that of the trailing-edge PWM.” and

shows that the dip on the transfer function of Gvc at two times of the switching frequency

with duty cycle of 0.5. This is shown in Fig. 27.
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Figure 3.5: Gvc with double edge-PWM in SIMPLIS simulation: (a) duty cycle is 50%,
and (b) duty cycle is 10%.
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Figure 3.6: The schematics of the pulse width modulators.

[42] and [43] investigated the potential of a double (dual) edge controller for VRM

applications to achieve the fast transient response. These papers emphasize the small

switching delay in the control loop due to the double edge modulation scheme. [42]

claims that dual edge controller reduces the switching action delay. Fig. 3.7 is the

conceptual waveforms of the switching delays with different types of the pulse width

modulators which is shown in Fig. 3.6 in [42]. The author explains that “The trailing

edge modulator has a delay (td) when the load steps up and the leading edge modulation

has delay when the load releases. This switching action delay causes undesirable charging

or discharging of the output capacitors and results in the output voltage peaks or dips.

In order to eliminate this delay, the dual edge modulator without RS latch is used. The

dual edge controller should be well designed in IC level to be immune to the switching

noise.”

[44] comments that a double edge control scheme can improve the tracking accuracy

of the output voltage to the reference signal. Fig. 3.8 is the schematic which is proposed

in [44]. One comparison between the feedback signal (Sig) and a ramp is used to set the

switch while another comparison between the offset feedback signal and the ramp is used
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Figure 3.7: The transient waveforms with the pulse width modulators

29



Figure 3.8: Two sided latched PWM shematics

to reset the switch. There is an extra comparator compared to a conventional PWM

controller.

However, the sampling frequency dependence on the duty ratio and other characteris-

tics of DECPM, such as the subharmonic oscillation issue and a larger current loop gain

than conventional CPM, have not been analytically investigated from above research.

This dissertation will address the detailed analysis of DECPM with a newly proposed

model.

In this chapter, sample-data modeling of the double edge current programmed mode

control (DECPM) is newly proposed and analyzed. The steady state conditions and

the subharmonic oscillation issue of DECPM are analyzed first. Sample-data modeling

for DECPM is proposed by mathematically combining the conventional peak CPM and

valley CPM models. The dependence of the sampling frequency on the duty ratio is

analyzed throughout this modeling. A small signal model for DECPM is developed by
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Figure 3.9: Steady state inductor current waveform in DECPM

deriving the modulation gains (Fm) and sampling gains (He). The proposed DECPM

model is compared with the conventional single CPM by the SIMPLIS simulations. The

larger current loop gain at high frequency for DECPM than the single CPM will be

verified in this section.

3.2 Steady State condition and Subharmonic Oscil-

lation

In this section, the steady state and subharmonic oscillation conditions of DECPM are

discussed. Fig. 3.9 shows the steady state waveforms of the sensed inductor current

(Ri · iL), control signal (vc) and ramp signals in DECPM. Here, Ri is the gain of the

current sensor. In DECPM, two ramp signals with the slopes of Ma and −Ma are added

to the control signal (vc) to control the peak and valley value of the sensed inductor

current. As shown in Fig. 3.9, because both peak and valley values of the sensed

inductor current are controlled by DECPM, the resultant duty signals are modulated on

both edges.
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From Fig. 3.9, the peak (Ri · ip) and valley value (Ri · iv) of the sensed inductor

current are derived in terms of the control signal (vc).

Ri · ip = Ri · iL(D1Ts)

= vc −MaD1Ts = Ri · iL(0) +M1D1Ts (3.1)

Ri · iv = Ri · iL ((0.5 +D′
2)Ts)

= Ri · iL(D1Ts)−M2 · (D
′
1 +D′

2) · Ts (3.2)

Here, D1 and D2 are the duty ratios in the peak and valley current control region respec-

tively. Therefore, D′
1 = 0.5 −D1 and D′

2 = 0.5−D2, and the whole duty ratio (D) is a

sum of these D1 and D2.

To see the steady state condition of the sensed inductor current (Ri · iL), the relation-

ship of the sensed inductor currents between the adjacent switching periods are derived

as shown below.

Ri · iL(Ts) = Ri · iv +M1D2Ts

= Ri · iL(0) +M1D1Ts −M2 · (D
′
1 +D′

2) · Ts +M1D2Ts

= Ri · iL(0) +M1 · (D1 +D2) · Ts −M2 · (D
′
1 +D′

2) · Ts

= Ri · iL(0) +M1DTs −M2D
′Ts (3.3)

In steady state, the condition of Ri · iL(Ts) = Ri · iL(0) should be satisfied. Thus, the

steady state condition of DECPM is derived from (3.3), and is

M2

M1
=

D

D′
(3.4)
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Figure 3.10: Steady-state and perturbed inductor current waveforms

This steady state condition of DECPM is same as that of the conventional single CPM.

For analyzing the subharmonic oscillation issues [34] in DECPM, the sensed inductor

current is perturbed as shown in Fig. 3.10. Then, the subharmonic oscillation conditions

can be derived from the natural response of the sensed inductor current perturbation

(Ri · îL).

From simple trigonometric analysis of Fig. 3.10, the following equations are derived.

Ri · îL(0) = −(M1 +Ma)d̂1Ts (3.5)

Ri · îL(
Ts

2
) = −(Ma −M2)d̂1Ts (3.6)

Ri · îL(
Ts

2
) = (Ma +M2)d̂2Ts (3.7)

Ri · îL(Ts) = (Ma −M1)d̂2Ts (3.8)
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Because (3.6) and (3.7) are equal,

d̂2 =
−(Ma −M2)

Ma +M2
· d̂1 (3.9)

By plugging (3.9) into (3.8) and generalizing it to arbitrary timing,

Ri · îL(nTs) = −
M2 −Ma

M1 +Ma

· −
M1 −Ma

M2 +Ma

·Ri · îL((n− 1)Ts) (3.10)

îL(nTs) = αp · αv · îL ((n− 1)Ts) (3.11)

= α · îL((n− 1)Ts) (3.12)

where,

α = αp · αv (3.13)

αp = −
M2 −Ma

M1 +Ma

, 1− αp =
M1 +M2

M1 +Ma

(3.14)

αv = −
M1 −Ma

M2 +Ma

, 1− αv =
M1 +M2

M2 +Ma

(3.15)

(3.12) is a inductor current perturbation relationship between the adjacent switching

periods. Here, αp and αv are the inductor current attenuation factors for the peak CPM

and valley CPM respectively, and α is the inductor current attenuation factor for the

DECPM which is a product of αp and αv as shown in (3.13). By using the steady state

condition of DECPM in (3.4), α in (3.13) is rewritten in terms of the duty ratio, the

slope of ramp signal and the falling slope of the sensed inductor current as shown below.

α = αp · αv =
1− Ma

M2

D′

D
+ Ma

M2

·
D′

D
− Ma

M2

1 + Ma

M2

(3.16)

It is well known that, without the ramp signals (Ma = 0), αp for peak CPM and αn

for valley CPM become larger than 1 when D > 0.5 and D < 0.5 respectively, which
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Figure 3.11: α, αp and αv at the function of duty ratio without ramp signal (Ma = 0)

causes subharmonic oscillation. The inductor current attenuation factors without the

ramp signals (Ma = 0) are derived below and showed in Fig. 3.11.

αp|Ma=0 =
D

D′
(3.17)

αv|Ma=0 =
D′

D
(3.18)

α|Ma=0 = 1 (3.19)

Interestingly, the α in DECPM, which is a product of αp and αn is always 1 for the

entire duty range without the ramp signals (Ma = 0). This means once perturbation is

applied to inductor current, there is no amplification or attenuation of the disturbance

in DECPM.

To avoid subharmonic oscillations for the entire duty range, the inductor current

attenuation factors should be less than 1 for all operating conditions (i.e. for all duty

ratios). Fig. 3.12 shows α in DECPM with the different ramp signals (Ma 6= 0) in
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Figure 3.12: α at the function of duty ratio with different ramp signals having the slopes
of Ma (K = Ma/M2)
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terms of the duty ratios. Here, K is the ratio of the slopes of the ramp signal and the

falling slope of the sensed inductor current (K = Ma/M2). Fig. 3.12 shows that α will

always be less than 1 for the whole duty range, regardless of the slope of the ramp signal

in DECPM. However, for conventional single CPM, the slope of the ramp signals (Ma)

need to be chosen carefully to avoid subharmonic oscillation for all duty ranges [34].

3.3 Sample-data modeling

3.3.1 Sample-data current feedback transfer function

There has been much research on control modelings for high frequency converters which

can predict up to half the switching frequency[35, 36, 37, 24, 32, 31, 25]. In order to

model the current programmed mode control accurately to high frequency including the

sample and hold effects, the sample-data model is popular and widely accepted[24, 32, 31].

Among the sample-data modelings for converters, Ridley’s method[24, 25] is referred and

applied to model the DECPM in this dissertation.

Fig. 3.13 shows the waveforms to derive the sample-data model for DECPM. This

figure shows the modulated duty signal (d̂) and the sensed inductor current perturbation

(Ri · îL) as the results of the control signal perturbation (v̂c). As shown in Fig. 3.13, it can

be observed that the sensed inductor current (Ri · îL) is updated twice in one switching

period (Ts). This is a major difference between DECPM and conventional single CPM.

In conventional single CPM, the inductor current perturbation happens only once in

each switching period and is held for one switching period [24]. This makes the sampling

frequency of the control the same as the switching frequency of the power stage. However,

in DECPM, the inductor current perturbations happen (are sampled) two times during
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one switching period, and each updated inductor current perturbation is kept (held) for

DTs and (1 −D)Ts respectively. Therefore, DECPM has a fixed switching frequency in

the power stage but variable sampling frequency for the control with different operating

points. More details are investigated through the following derivations.
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Figure 3.13: Double edge current programmed mode waveforms
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For the following DECPM modeling, the voltages applied across the inductor are kept

constant and the current feedback loop is closed as in conventional CPM modeling [24].

In addition, it is also assumed that the control signal perturbation (v̂c) does not change

during one switching cycle (Ts). This assumption implies that, for one switching period,

the first updated inductor current perturbation does not affect the control signal pertur-

bation (v̂c) which is also used for the second update of the inductor current perturbation.

Therefore, the first update and the second update of the inductor current perturbations

are independent from each other with respect to the control signal perturbation (v̂c).

By using simple trigonometric analysis at the time of (n− (1−D))Ts from Fig. 3.13,

the following two equations are derived.

Ri · îL[n− (1−D)] = Ri · îL[n− 1] + (M1 +M2)d̂[n− (1−D)]Ts (3.20)

v̂c[n− (1−D)] = Ri · îL[n− 1] + (M1 +Ma)d̂[n− (1−D)]Ts (3.21)

These (3.20) and (3.21) show the relationship among the control signal perturbation

(v̂c), the peak point of the sensed inductor current perturbation (Ri · îL) and the duty

perturbation (d̂). This relationship is called a ‘peak current control law’ in this disserta-

tion.

With a similar derivation at the time of nTs from Fig. 3.13, the other two equa-

tions are derived in (3.22) and (3.23). These two equations show the relationship be-

tween the control signal perturbation (v̂c), the valley point of the sensed inductor current

perturbation(Ri · îL) and the duty perturbation (d̂). This relationship is called a ‘valley

current control law’ in this dissertation.
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Ri · îL[n] = Ri · îL[n− (1−D)] + (M1 +M2)(−d̂[n])Ts (3.22)

v̂c[n] = Ri · îL[n− (1−D)] + (M2 +Ma)(−d̂[n])Ts (3.23)

In conventional single CPM, either one set of (3.20),(3.21) or (3.22),(3.23) is used for

peak CPM and valley CPM respectively, but DECPM needs both of them.

With (3.20) and (3.21), a following equation is derived.

Ri · îL[n− (1−D)] = αp · Ri · îL[n− 1] + (1− αp) · v̂c[n− (1−D)] (3.24)

By applying a Laplace transform, it’s time shift property and hold function for (1−D)Ts

to (3.24), the ‘peak current control law’ based current feedback transfer function of

DECPM is derived in (3.25), which looks similar to that of peak CPM.

Ri · îL(s)

v̂c(s)

∣

∣

∣

∣

∣

peak

=
1− αp

1− αpe−sDTs
·
1− e−s(1−D)Ts

sTs

(3.25)

The difference between (3.25) and the conventional sampled data current feedback trans-

fer function of peak CPM[24] is the duty information in the model. The DTs in the first

term of the right hand side of (3.25) means the derived transfer function is the result

of the relationship between the control signal perturbation (v̂c) and the sensed inductor

current perturbation (Ri · îL) during DTs, and the (1−D)Ts in the second term implies

that the sampled (updated) information of the sensed inductor current perturbation is
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held for (1−D)Ts. Therefore, the duty information in the transfer function of DECPM

shows that the sampling frequency of the control (not the switching frequency of the

power stage) varies with the different operating points.

By doing a similar derivation with (3.22) and (3.23), the ‘valley current control law’

based current feedback transfer function of DECPM is derived in (3.26).

Ri · îL(s)

v̂c(s)

∣

∣

∣

∣

∣

valley

=
1− αv

1− αve−s(1−D)Ts
·
1− e−sDTs

sTs

(3.26)

Similar to (3.25), the (1 − D)Ts in the first term of the right hand side of (3.26)

indicates that the derived transfer function is the result of the relationship between the

control signal perturbation (v̂c) and the sensed inductor current perturbation (Ri · îL)

during (1 −D)Ts, and the DTs in the second term implies that the sampled (updated)

information of the sensed inductor current perturbation is held for DTs.

The whole current feedback transfer function of DECPM during one switching period

is a linear sum of the (3.25) and (3.26) and is shown in (3.27). This is deduced from

the time domain waveform of Ri · îL(t) (approx) shown at the last waveform in Fig.

3.13. The value of Ri · îL[n] is a sum of the two updated values from DECPM and the

value of Ri · îL[n − 1]. These two updated values in time domain correspond to (3.25)

and (3.26) in frequency domain. In other words, with the assumption of the constant

control signal perturbation (v̂c) during one switching period as mentioned earlier, the

two updates of the sensed inductor current perturbation in DECPM are independent

each other. Therefore, the corresponding transfer functions of (3.25) and (3.26) are also

independent of each other, and this lack of interdependence makes the whole current
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Figure 3.14: vc to Ri · iL responses when Vin = 3.3V and Vout = 0.1V

feedback transfer function of DECPM during one switching period the linear sum of the

(3.25) and (3.26).

Ri · îL(s)

v̂c(s)
=

Ri · îL(s)

v̂c(s)

∣

∣

∣

∣

∣

peak

+
Ri · îL(s)

v̂c(s)

∣

∣

∣

∣

∣

valley

=
1− αp

1− αpe−sDTs
·
1− e−s(1−D)Ts

sTs

+
1− αv

1− αve−s(1−D)Ts
·
1− e−sDTs

sTs

(3.27)
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Figure 3.15: vc to Ri · iL responses when Vin = 3.3V and Vout = 1.65V
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Figure 3.16: vc to Ri · iL responses when Vin = 3.3V and Vout = 3.2V
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Figure 3.17: vc to Ri · iL responses when Vin = 3.3V and Vout = 3.4V
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Figure 3.18: vc to Ri · iL responses when Vin = 3.3V and Vout = 5V
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Figure 3.19: vc to Ri · iL responses when Vin = 3.3V and Vout = 6.6V

3.3.2 Comparisons of current feedback transfer function

The waveforms from Fig. 3.14 to Fig. 3.19 show the comparisons of the current feedback

transfer functions with different duty ratios. Fig. 3.14 to Fig. 3.16 are the cases of the

buck converter when D ≈ 0, D = 0.5 and D ≈ 1, respectively. Fig. 3.17 to Fig. 3.19 are

the cases of the boost converter when D ≈ 0, D = 0.34 and D = 0.5, respectively. For

these comparisons, the switching frequency is 10MHz, where Ts is 100nsec and Ma set

to 1.6/Ts for all DECPM, peak CPM and valley CPM.

From Fig. 3.14 to Fig. 3.19, two features of DECPM can be observed. One is that

the sampling frequency of the control changes with the duty ratio. It is well known that

the double edge modulation scheme has two times faster sampling frequency than single

edge modulation scheme when the duty ratio is 0.5, but it has not been explicitly shown
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that the sampling frequency decreases with other duty ratios and reaches the same value

of switching frequency when the duty ratio is 0 or 1. From Fig. 3.14 to Fig. 3.16, peak

CPM and valley CPM have a fixed 10MHz sampling frequency of the control by showing

two complex poles at 10MHz, which is same as the switching frequency of the power

stage. However, DECPM has a variable sampling frequency which changes from 10MHz

when D ≈ 0 and D ≈ 1 to 20MHz when D = 0.5.

The other feature of DECPM is a larger current loop gain than in single CPM. In a

simple model of CPM [34], it is generally assumed that the inductor works as a voltage

controlled current source, so the power stage with CPM is simplified into a first order

system. In other words, as long as the sensed inductor current (Ri · iL) follows the

control signal (vc) well, the system is governed by current programmed mode control.

This phenomenon can be explained clearly with the figures from Fig.3.14 to Fig.3.19. In

Fig.3.14, which is when the duty ratio is close to 0, for example, the current feedback

transfer function of the DECPM and the valley CPM have wider 0dB range than that of

the peak CPM. Here, the wider 0dB range means that the sensed inductor current follows

well the control signal at higher frequency. In Fig.3.16, which is when the duty ratio is

close to 1, the current feedback transfer function of the DECPM and peak CPM have

wider 0dB range than that of valley CPM. Specifically, when the duty ratio is 0.5 which

is the case of Fig.3.15, the DECPM shows the widest 0dB range among all CPM with the

help of the doubled sampling frequency. These features of DECPM could be beneficial to

the wide range of converter applications which require stable operation for a wide duty

range with a fixed compensator. Because DECPM’s performance is always either as good

as or better than convention peak / valley CPM, relatively constant current loop gain

up to high frequency is achieved for all duty ratios. This relatively constant current loop

gain at high frequency is shown even in buck and boost mode transition. Comparing
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Figure 3.20: Small signal model for DECPM

Fig. 3.16 and Fig. 3.17, DECPM shows the smoother change of the current feedback

transfer function at the transition of buck mode at D ≈ 1 and boost mode at D ≈ 0

than the single CPM does. This benefit of the constant current loop in DECPM will be

reemphasized and verified in the simulation.

3.4 Small Signal Model for DECPM

In order to design feedback circuit and apply it to DC-DC converter, it is necessary to

develop a small signal model of current programed mode control scheme with average

power stage model. Fig. 2.7 in previous section shows the well known current mode

control small signal model diagram with averaged power stage model [34].

Based on (3.27), a small signal model for DECPM is developed and shown in Fig.
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3.20. Gvd is the duty to output voltage transfer function, Gid is the duty to inductor

current transfer function, Gvg is the input voltage to output voltage transfer function and

Gig is the input voltage to inductor current transfer function. These transfer functions

are from the well known average power stage model [34]. DECPM related blocks are

Fm|peak, Fm|valley, He|peak, He|valley, and Ri. Fm|peak and Fm|valley are the modulation

gains for peak and valley control law respectively. He|peak, He|valley are the sampling gains

for ‘peak and valley control law’ respectively. And Ri represents the inductor current

sensing gain. The dotted line of the He|valley block and Fm|valley in Fig. 3.20 represents

that the peak and valley current control loop in DECPM are independent each other.

Therefore, the transfer function from the control signal (v̂c) to the inductor current (îL)

of DECPM shown in Fig. 3.20 is derived like (3.28).

îL(s)

v̂c(s)
=

Fm|peak Gid

1 + Fm|peak GidRi He|peak
+

Fm|valley Gid

1 + Fm|valley GidRi He|valley
(3.28)

Through the following subsections, the Fms and Hes will be derived.

3.4.1 Modulation gain (Fm) derivation

According to the small signal model of [24], the modulation gain (Fm) can be defined

as the ratio of the ‘current’ duty perturbation (d̂[n]) to the difference of the ‘current’

control signal perturbation (v̂c[n]) and the ‘previous’ sensed inductor current perturbation

(Ri · îL[n− 1]), and it is

Fm ≡
d̂[n]

îc[n]− Ri · îL[n− 1]
(3.29)

By using this definition, the modulation gains (Fm) of DECPM are derived directly

from (3.21) and (3.23) for ‘peak current control law’ and ‘valley current control law’,
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Table 3.1: Fms in different current programmed control

Fm|peak
1

(M1 +Ma)Ts

Fm|valley
1

(M2 +Ma)Ts

respectively. Therefore, the modulation gains for DECPM are

Fm|peak =
d̂[n− 1 +D]

îc[n− 1 +D]− Ri · îL[n− 1]
=

1

(M1 +Ma)Ts

(3.30)

Fm|valley =
−d̂[n]

îc[n]− Ri · îL[n− 1 +D]
=

1

(M2 +Ma)Ts

(3.31)

The derived Fm|peak, Fm|valley in (3.30) and (3.31) are same as the modulation gains

of the conventional single CPMs. Fms in different current mode control are summarized

in Table 3.1.

3.4.2 Sampling gain (He) derivation

From Fig. 3.20, the response from v̂c to îL can be written like following equation.

îL(s)

v̂c(s)
=

Fm|peak Gid

1 + Fm|peak GidRi He|peak
+

Fm|valley Gid

1 + Fm|valley GidRi He|valley
(3.32)

And, by rewriting (3.27),

îL(s)

v̂c(s)
=

1

Ri

1− αp

1− αpe−sDTs
·
1− e−s(1−D)Ts

sTs

+
1

Ri

1− αv

1− αve−s(1−D)Ts
·
1− e−sDTs

sTs

(3.33)
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By equating (3.32) and (3.33), following equations are derived.

Fm|peak Gid

1 + Fm|peak GidRi He|peak
=

1

Ri

1− αp

1− αpe−sDTs
·
1− e−s(1−D)Ts

sTs

(3.34)

Fm|valley Gid

1 + Fm|valley GidRi He|valley
=

1

Ri

1− αv

1− αve−s(1−D)Ts
·
1− e−sDTs

sTs

(3.35)

By using (3.34) and (3.35), He|peak and He|valley can be derived respectively. The

derivation of the He|peak is shown in the following.

At first, let’s derive Gid which is independent power stage, which we done in CPM.

Gid is the gain from duty perturbation (d̂) to inductor current perturbation (îL) as shown

in Eq.(3.36).

Gid ≡
îL

d̂
(3.36)

From the Fig.2.9, the Gid can be expressed for all converters as

Gid(s) =
Vap

s · L

Vap = Vac + Vcp

m1 =
Ri · Vac

L
, m2 =

Ri · Vcp

L

Gid(s) =
1

Ri

m1 +m2

s
(3.37)

With (3.30) and (3.37),

Fm|peak ·Gid =
1

Ri

1− αp

s · Ts

(3.38)
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Table 3.2: Hes in different current programmed control

He|CPM

sTs

esTs − 1

He|peak
1− αpe

s(1−2D)Ts

1− αp

·
sTs

es(1−D)Ts − 1

He|valley
1− αve

s(−1+2D)Ts

1− αv

·
sTs

esDTs − 1

By plugging (3.38) into (3.34), the following equation can be derived,

1 + Fm|peak ·Gid · Ri · He|peak =
1− αpe

−sDTs

1− e−s(1−D)Ts
(3.39)

Therefore, the sampling gain for peak current control law (He|peak) can be derived like

He|peak =
1− αpe

s(1−2D)Ts

1− αp

·
sTs

es(1−D)Ts − 1
(3.40)

By doing a similar derivation, the sampling gain for valley current control law (He|valley)

is

He|valley =
1− αve

s(−1+2D)Ts

1− αv

·
sTs

esDTs − 1
(3.41)

The sampling gains (He) for CPM and DECPM are summarized in Table 3.2.
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3.4.3 Simulation results of DECPM and its comparison with

the conventional single CPM

The SIMPLIS simulation tool was used to verify the DECPM model. The SIMPLIS

simulation results have shown the accurate predictions of the converter transfer functions

in various literature [41, 45, 46]. Fig. 3.21 to Fig. 3.26 shows the comparisons of the Gvc

(control to output voltage transfer function) for the proposed DECPM model, the peak

CPM model and the SIMPLIS simulation result. The Gvc of DECPM can be written

from the small signal model shown in Fig. 3.20, and it is

Gvc|DECPM =
v̂o(s)

v̂c(s)
=

Fm|peak Gvd

1 + Fm|peak GidRi He|peak
+

Fm|valley Gvd

1 + Fm|valley GidRi He|valley
(3.42)

The parameters of the converters for the comparisons are as follows; Vin = 3.3V ,

L = 235nH , C = 280nF , and Ro = 5Ω, and all control has 10MHz of the switching

frequency and Ma set to 1.6/Ts. Fig. 3.21 to Fig. 3.23 are buck mode, and Fig. 3.24

to Fig. 3.26 are boost mode. It is shown that the proposed DECPM model matches

well with the SIMPLIS simulation results. As consistent with the current loop gain

mentioned in the previous section, DECPM shows the larger gain than the peak CPM

at high frequency for all duty ratio.

The transfer function changes with the different duty ratios for the DECPM and the

peak CPM are compared from Fig. 3.27 to Fig. 3.30. The Fig. 3.27 and Fig. 3.28 are

the transfer functions of Gvc in peak CPM and DECPM with different output voltages at

the input voltage of 3.3V. In the peak CPM, the magnitude variation is 2dB, the phase

variation is 44.12◦ at 1MHz . In the DECPM, the magnitude variation is 2.27dB, but the

phase variation is 29.13◦ at 1MHz. The Fig. 3.29 and Fig. 3.30 are the transfer functions
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Figure 3.21: Gvc when Vin = 3.3V and Vout = 0.1V
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Figure 3.22: Gvcwhen Vin = 3.3V and Vout = 1.65V
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Figure 3.23: Gvc when Vin = 3.3V and Vout = 3.2V
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Figure 3.24: Gvc when Vin = 3.3V and Vout = 3.4V
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Figure 3.25: Gvc when Vin = 3.3V and Vout = 5V
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Figure 3.26: Gvc when Vin = 3.3V and Vout = 6.6V
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Figure 3.27: Gvc in Peak CPM with different output voltage

of Gvc in peak CPM and DECPM with different input voltages at the output voltage

of 3.3V. In the peak CPM, the magnitude variation is 1.9dB, the phase variation is 45◦

at 1MHz . In the DECPM, the magnitude variation is 1dB, but the phase variation is

24.4◦ at 1MHz. These comparisons tell that the DECPM shows less phase lag and more

constant dynamics than the peak CPM at high frequency. Therefore, more optimized

compensator can be designed to achieve a stable system by the DECPM than by the

peak CPM for the high bandwidth and wide voltage range applications.
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Figure 3.28: Gvc in DECPM with different output voltage
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Figure 3.29: Gvc in Peak CPM with different input voltage
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Figure 3.30: Gvc in DECPM with different input voltage
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Chapter 4

Design of 10MHz CMOS 4 Switch

Buck Boost Converter (4SBBC)

with DECPM control

In this chapter, a 10MHz CMOS 4 Switch Buck Boost coveter with DECPM control

is introduced. Due to its wide input and output voltage range capability, a four switch

buck boost converter (4SBBC) is getting more popular in the portable and vehicle ap-

plications which use a battery as an input source and require longer battery operation

time [2, 3, 4, 18]. However, a stable control of this converter for the wide input and

output voltage range applications is not easy to achieve because the transfer function of

the system changes with different operating points (duty cycles). Especially, the 4SBBC

mostly works in either buck or boost mode to save power consumption by operating only

two switches in a switching cycle. In this case, the transfer function change is even more

severe due to the different system dynamics from each buck and boost modes. Therefore,

a smooth mode change in the 4SBBC is an issue[4, 47, 48]. The conventional current
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programmed mode (CPM) control makes the converter dynamics less sensitive to the

changes of the input and output voltages than the voltage mode control at the relatively

low frequency range, but, in the high speed converter design, it is necessary to have

constant dynamics up to high frequencies.

Due to the fact that DECPM has a higher sampling frequency of the control than the

switching frequency of the power stage and has a larger current loop gain at high fre-

quency than conventional CPM, as mentioned in previous chapter, DECPM is a preferred

candidate to control high frequency and wide range DC-DC converters such as a 4BSSC.

A 10MHz 4SBBC is designed with double edge current programmed mode (DECPM)

control in a JAZZ 0.5µm process. Fig. 4.1 shows a block diagram of the proposed

4SBBC with DECPM control. The DECPM eliminates a subharmonic oscillation which

is a well known problem in the conventional CPM, and it makes the 4SBBC have more

constant dynamics for wide input and output voltage range up to high frequency. There-

fore, a stable operation and a smooth mode change between the buck and boost mode

are achieved with a peak efficiency of 80% at the switching frequecy of 10MHz.

4.1 Architecture

Fig. 4.1 shows the block diagram of the implemented 4SBBC with DECPM. This diagram

shows two parts of the system which are the ‘power stage’ and the ‘controller’. The

power stage is composed of 4 power switches(A,B,C,D), output inductor (L) and output

capacitor (Co). The resistor (Rf ) and capacitor (Cf) are for the current sensing network

and the resistor (Ro) represents the load. The controller is the bottom block of the Fig.

4.1 and is composed of current sensor, ramp generator, analog adder, comparator, digital

logic, compensator, voltage/current references and gate drivers.
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The power switches are made of 2 PMOSes and 2 NMOSes. To reduce the dynamic

power loss of the converter, the converter was designed to operate in either buck or boost

mode. When input voltage (Vin) is higher than output voltage (Vout), only the A and

B switches are operating and the switch C keep on and the switch D keep off for all

switching period (Ts) to work like a buck converter. When input voltage (Vin) is lower

than output voltage (Vout), only the C and D switches are operating and the switch A

keep on and the switch B keep off for all switching period (Ts) to work like a boost

converter.

Fig. 4.1 shows the implementation of the aforementioned function into a DECPM scheme.

A ramp generator provides two ramp signals (Vramp and −Vramp) which are 180◦ phase

shifted and have a frequency of half the switching frequency. Each ramp signal has

positive and negative slopes (Ma and −Ma). Both ramp signals are added to the sensed

inductor current signal (Ri·IL) through an analog adder. These added signals are denoted

by Vu and Vs. These Vu and Vs are compared with the control voltage (Vc) which is the

output of compensator. The outputs of comparator (Vuo and Vso) are processed through

a digital logic block to generate the PWM signals for the buck and boost mode. The

PWM digital logic block is implemented based on (4.1). The Vr and −Vr in (4.1) stand

for the portion of the positive slope (Ma) and negative slope (−Ma) of both ramp signals

(Vramp and −Vramp) respectively.
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Figure 4.1: Block diagram of 4SBBC
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Figure 4.2: Implemented key signal waveforms for DECPM (a) Buck mode (b) Boost
mode

Fig. 4.2 shows the key signal waveforms of the implemented DECPM control for the

4SBBC. Fig. 4.2 (a) is the case of the buck mode with a duty ratio of 0.7, and Fig. 4.2

(b) is the boost mode with a duty ratio of 0.3. It is explicitly shown here that PWM

ON is controlled by limiting the valley point of the inductor current, and PWM OFF

is controlled by limiting the peak point of the inductor current. Therefore, double edge

modulation of the PWM signals is achieved.

PWM ON = Vc − (IL − Vr) (4.1)

PWM OFF = (IL + Vr)− Vc (4.2)
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4.2 Transistor level implementation

4.2.1 Current sensor

In order to sense the continuous current information, the ‘Filer-Sense the inductor’ tech-

nique [49] is used. This technique uses a RC network (Rf , Cf) to filter the voltage across

the inductor and sense the current through the equivalent series resistance (RL) of the

inductor (L) as shown in Fig. 4.1. The design equation of the sensing network is shown

in (4.3).

VCf
= Vsense = IL · RL (4.3)

, where
L

RL

= Rf · Cf (4.4)

To sense the inductor current information by using above technique, there are two major

design issues. One is wide voltage swing at LXA and Vsense nodes in Buck mode.

During the buck mode operation, power switch A and B are operating in each cycle, so

the voltage at LXA and Vsense nodes change from Vin to ground and vice versa. Fig. 4.3

shows the waveforms of LXA and Vsense nodes for buck and boost modes. As expected,

the voltage swing is rail to rail during the buck mode operation. To sense the differential

voltage across the Cf with such a wide common mode voltage change, the input stage of

the current sensor should cover the rail to rail common mode range. Another design issue

is that wide bandwidth of the current sensor is required. The switching frequency used

here is 10MHz. To sense such a high frequency current information without distortion, a

high speed current sensor scheme is needed. Therefore, Differential Difference Amplifier

(DDA) architecture which is shown in Fig.4.4 is used for such a high speed current

sensor [50, 51]. The DDA provides a beneficial separation between the signal input and
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the feedback network. The brief operation of DDA is like following. Because of the

infinite input impedance of output buffer in DDA, all the current generated by the Gm1

block which senses the Vsense flows into output node of another Gm2 block. This makes

the input voltage of the bottom Gm block copy the same voltage as Vsense but with

different polarity if those Gm1 and Gm2 blocks are identical. This copied voltage will be

applied across the RG and amplified to Vout which corresponds to (4.5). The CADENCE

simulation shows that the 3dB bandwidth of this DDA is more than 20MHz for rail-to-rail

input voltage range.

Vout =
(

1 +
RF

RG

)

· Vsense (4.5)

Fig.4.5 is the transistor level schematic of the implemented DDA for the current sensor.

In order for the DDA to operate with rail-to-rail input range during the buck mode

operation, both PMOS and NMOS input stages are used for both gm1 and gm2. And

class-AB output stage is designed for high output current capability and low power

consumption.
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Figure 4.6: Input and output voltage of the current sensor at Buck mode

Fig.4.6 and Fig.4.7 are the CADENCE simulation results of the current sensor for

buck and boost mode operation respectively. This simulation results show that the

implemented circuit senses the high frequency current information well.

4.2.2 Ramp Generator

To implement the double edge current programmed mode control explained in the pre-

vious section, Two double side ramp signals are needed which are 180o phase shifted

accurately each other and keep the maximum and minimum values of each signals same.

The Fig.4.8 shows the block diagram of the ramp generator performing the functions

mentioned just above. To generate the double side ramp signals, two current sources (I1

and I2) are used. These two current sources charge and discharge the capacitors. The

M1, M2, M3 and M4 work as switches to change the current path from Vramp or -Vramp.
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When the voltage at either Vramp or -Vramp reaches maximum voltage (VH), the compara-

tor generates signals to switch the current path to Vramp or -Vramp nodes. If the values

of the current sources are not matched, the peak to peak voltage of Vramp and -Vramp

keep increasing or decreasing as time goes by. To accurately control the both rising and

falling slopes of the ramp signal and the 180o phase shift of the two ramp signals, the

common mode feedback (CMFB) scheme was implemented to keep the average voltage

of Vramp and -Vramp to (VM) which is half the peak to peak ramp signal. The frequency of

these ramp signals is determined by the Equ.(4.6) and it is half the switching frequency

of the power stage. The FreqSA, FreqSB and FreqSC represent digital input pins used

for changing the current value to vary frequency.

framp =
I

4 · C · (VH − VM)
= 0.5× fs (4.6)
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Table 4.1: Design parameters for 4SBBC

Input nominal voltage Vin 3.3V

Output voltage range Vout 0.7V – 5V

Switching frequency fsw 10MHz

Output inductor L 235nH

Output capacitor Co 280nF

Load resistor Ro 10Ω

Output filter resonant frequency 1
2π

√
LC

620kHz

Compensator Fc 2.06× 106
1+ s

2π×254.65×103

s(1+ s

2π×3.183×106
)

Worst case cut off frequency fc 1.1MHz

4.2.3 System summary

Table 4.1 shows the summary of design parameters of the implemented 4SBBC with an

appropriate compensator. A two-pole and single zero network was used for the compen-

sator to compensate the outer voltage loop.

Fig. 4.9 shows the SIMPLIS simulation results of the voltage regulation loop gains

(T2|DECPM) with the current loop closed for the designed 4SBBC. According to the small

signal model from the previous section, the voltage regulation loop gain for DECPM

(T2|DECPM) is derived below.

T2|DECPM =
Tv|peak

1 + Ti|peak
+

Tv|valley
1 + Ti|valley

(4.7)

where,
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Tv|peak = Fc Fm|peak Gvd (4.8)

Ti|peak = Fm|peak GidRi He|peak (4.9)

Tv|valley = Fc Fm|valley Gvd (4.10)

Ti|valley = Fm|valley GidRi He|valley (4.11)

Here the Fc represents the transfer function of the compensator. The results in Fig.

4.9 were obtained with a fixed input voltage of 3.3V and different output voltages. This

figure shows the worst case cutoff frequency of 1.1MHz and the worst case phase margin

of 30◦. The magnitude and phase variation at 1.1MHz are 1.22dB and 25◦, respectively.

4.3 Measurement

The proposed 4SBBC with DECPM was implemented in a JAZZ 0.5µm 5V CMOS

technology. It measures 2 mm x 1.7 mm and uses the QFN32 package. Fig. 4.11 shows a

micro photograph of the chip. Fig. 4.11 is an evaluation board for the 4SBBC. Fig. 4.12

shows the measurement waveforms to verify the wide range operation of the implemented

converter. The LXA and LXB stand for the buck and boost switching nodes respectively

which are designated in Fig. 4.1. In all cases, a 10kHz saw tooth reference signal is

applied to generate the output voltage (Vout) from 1V to 5V, but different input voltages

are applied to each case which has a range from 2.8V to 4.7V. As shown in Fig. 4.12,

the implemented converter with DECPM has the stable operation with a wide input and

output voltage range. The waveforms of LXA and LXB nodes show clearly that the

implemented converter works in either only buck or boost mode for a wide voltage range.

Fig. 4.13 shows the smooth transition between buck and boost mode. In this figure, a

10kHz saw tooth reference signal (Vref) is applied to change the output voltage (Vout)
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Figure 4.11: Evaluation board for 4SBBC
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Figure 4.14: Measured waveforms of the Vref , Vout, and switching nodes waveforms with
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from 2V to 4V with a fixed input voltage (Vin) of 3.3V. Fig. 4.13(a) is the case when

Vout changes from 2V to 4V and Fig. 4.13 (b) is when Vout changes from 4V to 2V. It

is observed that the mode change between buck and boost mode happens smoothly and

there is no overlap between the LXA and LXB nodes during the mode change period.

Fig. 4.14 shows the 100kHz sinusoidal reference signal (Vref), Vout and the switching

nodes (LXA, LXB) at Vin = 3.3V . As shown in this figure, the output voltage follows

the fast 100kHz sinusoidal reference signal well. This figure shows that the converter

with DECPM responds well to the high frequency reference signal.

79



Chapter 5

Power Stage Optimization of the

4SBBC for the Polar Modulation

Application

In this chapter, the loss mechanisms of the 4SBBC and its power stage optimization for

polar modulation will be discussed. During this chapter, it is assumed that the 4SBBC

converter is used as a dynamic power supply for the polar modulation application. In

this application, the load for the 4SBBC is a power amplifier which is generally modeled

as a constant resistor. Fig.5.1 is a diagram for the 4SBBC power stage. This chapter

starts with the power loss mechanisms of the 4SBBC. The 4SBBC is designed to operated

in either buck or boost mode which allows only 2 switches are working during a single

switching period. Therefore, the loss mechanisms for each mode are breakdowned and

analyzed in detail. After this, the polar modulation scheme and the EDGE signal which

is used as a reference signal for the 4SBBC in this application is briefly introduced.

In contrast to the conventional DC-DC converter application, in the polar modulation
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Figure 5.1: 4SBBC power stage diagram

application, the time-varying signal is used as a reference signal to change the output

voltage, and the average efficiency is introduced and used for power stage optimization.

Finally, the size of the 4 switches are determined and optimized based on the average

efficiency for the polar modulation application.

5.1 Loss Breakdown of the 4SBBC

The power losses of the 4SBBC to be considered in this sections are the conduction loss,

dynamic loss and controller loss. The conduction loss (power stage loss) includes Rdson

loss, inductor ESR loss, capacitor ESR loss and these losses are all related to the resistive

power loss. Gate charge loss is the only Dy manic loss to considered here. Controller loss

is a power consumption of the controller and is a multiple of Vin and quiescent current

(Iq) to the controller.

From the Fig.5.1, MA and MD are PMOS power switches and MB and MC are NMOS
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Figure 5.2: Curve fitting result for PMOS Rdson

power switches. L and C are the power filter inductor and capacitor respectively. RL

and RC are the parasitic series resistances for L and C respectively. R stands for the

equivalent output load resistance. Because the input voltage (Vin) and output voltage

(Vout) of the 4SBBC are not constant, the effective gate to source voltages (|Vgs|) for MA

and MD are also not constant. Therefore, the Rdsons of MA and MD are function of input

and output voltage (Vin and Vout), respectively and these relationship between voltage

and Rdson are carefully determined. In this dissertation, the curve fitting method is used

to extract the relationship from the CADENCE simulation.

Fig.5.2 is the curve fitting result of PMOS Rdson with respect to the effective gate to

source voltages (|Vgs|). For this curve fitting, the level 2 model of the MOSFET is used.
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From the result of Fig.5.2, the resultant Rdson per 1mm width for PMOS is

RdsonP (|VGS|) =
1 + 0.4373(|VGS| − 0.6031)1.296

0.06379(|VGS| − 0.6031)1.485
[Ω ·mm] (5.1)

Because PMOS is used for MD switch, it is necessary to analyze buck mode with two

different cases. One is a ‘body-diode conduction mode’ of MD switch and the other is a

‘synchronous mode’ of MD switch. When Vout is less than the threshold voltage (|Vthp|) of

MD, MD cannot be turned on even with the gate voltage of zero. Therefore, the output

current can only flow through body diode of MD switch. This is called a ‘body-diode

conduction mode’ of MD switch in this dissertation. But, when Vout is larger than the

threshold voltage of the MD, the output current can flow through the MD switch and

the voltage drop of the MD switch is related to the (5.1). This is called a ‘synchronous

mode’ of MD switch in this dissertation.

The body diode voltage drop is curve-fitted and its result is shown in (5.2).

Vdiode(Vo,W ) =
1

31.65
· ln

(

Vout

Ro × (514.1× 10−15 ×W )
+ 1

)

(5.2)

Fig. 5.3 is a simple schematic to show the voltage drop of the MD switch in either

the ‘body-diode conduction mode’ or ‘synchronous mode’. By using (5.1) and (5.2), the

conduction mode of the MD switch can be separated and shown in Fig. 5.4. Fig. 5.4

shows the body diode voltage drop (Vdiode) and Rdson voltage drop(VDS) across the MD

with respect to the output voltage (Vout). For the following analysis, the lower voltage

drops across MD switch between the body diode voltage drop (Vdiode) and Rdson voltage

drop (VDS) is chosen for the voltage drop of the MD switch.

Based on the previous analysis, the duty cycle can be determined like a (5.3). The
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3 different modes described above are included in this (5.3). The first equation of the

(5.3) is the buck operation with the ‘body-diode conduction mode’ of MD switch, and

the second is the buck operation with the ‘synchronous mode’ of MD switch, and the last

equation is the boost operation mode . This (5.3) also include the voltage drop of the

switches and the series resistance of the inductor to estimate accurate duty information.

D =




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







Vout

Vin

(

1 + RB

Ro
+ RL

Ro
+ Vout+Vdiode

Ro

)

1− RA

Ro

Vout

Vin
+ RB

Ro

Vout

Vin

if BUCK ∧ (Vds@MD > Vdiode)

Vout

Vin

(

1 + RB

Ro
+ RL+RD

Ro

)

1− RA

Ro

Vout

Vin
+ RB

Ro

Vout

Vin

if BUCK ∧ (Vds@MD < Vdiode)

0.5 ·

(

2 +
RD

Ro

−
RC

RO

−
Vout

Vin

)

−

√

(

2 +
RD

Ro

−
RC

RO

−
Vout

Vin

)2

− 4

(

1 +
RD

Ro

+
RL +RA

Ro

−
Vout

Vin

)

if BOOST

(5.3)

Fig. 5.5 shows the difference of the (5.3) and the ideal duty which ignores the voltage

drop of the parasitic resistance and diode voltage drop of the MD switch with respect

to the output voltage (Vout). As the output voltage (Vout) increases, the difference of the

duty of these two cases increases as well. Here, the RA, RB, RC and RD are the Rdson

of the switch MA, MB, MC and MD of the Fig. 5.1 respectively. And RL is the parasitic

series resistance of the inductor (L) and Ro is the output load resistance of the Fig. 5.1.

For the Fig. 5.5, Vin = 3.3V WA = WD = 69.12mm, WB = WC = 1
3
WA, Ro = 5Ω,

RL = 0.1Ω are used.
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IL =











Iout =
Vout

Ro

if BUCK

Iout
(1−D)

=
Vout

(1−D) · Ro

if BOOST
(5.4)

(5.4) is the equation to calculate the DC inductor current (IL) from the load (output)

current (Io) which is the function of output voltage (Vo) and load resistance (Ro).

∆iL =











(1−D) · Vo

L · fsw
if BUCK

D · Vin

L · fsw
if BOOST

(5.5)

(5.5) is the equation to calculate the peak-to-peak inductor current ripple (∆iL).
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)

·D

+
RdsonN
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·

(

IL
2 +

∆i2L
12

)

· (1−D) + IL · Vdiode(WD, Vo)

if BUCK ∧ (Vds@MD > Vdiode)

RdsonP (Vin)

WA

·

(

IL
2 +

∆i2L
12

)

·D

+
RdsonN

WB

·

(

IL
2 +

∆i2L
12

)

· (1−D) +
RdsonP (Vo)

WD

·

(

IL
2 +

∆i2L
12

)

if BUCK ∧ (Vds@MD < Vdiode)

RdsonN
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·

(

IL
2 +

∆i2L
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)

·D

+
RdsonP (Vo)

WD

·

(

IL
2 +

∆i2L
12

)

· (1−D) +
RdsonP (Vin)

WA

·

(

IL
2 +

∆i2L
12

)

if BOOST

(5.6)

(5.6) is the analytic equation to calculate the Rdson losses of the 4SBBC in each operation

modes. The ∆iL is a peak to peak inductor current ripple and (5.6) is derived from the

RMS loss which include the inductor current ripple loss [34]. Here, RdsonP is the Rdson

of the PMOS and RdsonN is the Rdson of the NMOS. Vdiode is the voltage drop of the MD

switch in the ‘body-diode conduction mode’. And WA, WB, WC and WD are the width

of the power transistors of MA, MB, MC and MD, respectively.

Ploss |RL
= RL ·

(

IL
2 +

∆i2L
12

)

(5.7)

(5.7) is the equation to calculate the RL losses of the 4SBBC, which is the parasitic series
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resistance of the inductor (L).

Ploss |RC
=











RC ·
∆i2L
12

if BUCK

RC · Iout
2 ·D +RC ·

{

(IL − Iout)
2 +

∆i2L
12

}

· (1−D) if BOOST

(5.8)

(5.8) is the equation to calculate the RC losses of the 4SBBC, which is the parasitic series

resistance of the capacitor (C) for both buck and boost mode operations.

Ploss |gate =











fsw · Ciss · (WA +WB) · V
2
in if BUCK

fsw · Ciss · (WC +WD) · V
2
in if BOOST

(5.9)

(5.9) is the equation to calculate the gate charge loss which is consumed during the

turn-on and turn-off the power switches. This loss emulates the gate driver losses but only

contains the the last stage of the driver loss. For this equation, the Ciss is the equivalent

input capacitor of the power switches during turn-on and turn-off. This Ciss is the process

dependent parameter, and is extracted from the CADENCE simulation. Fig. 5.6 is the

simulation test bench to extract the Ciss. Here, Igate is the current source to be applied

to gate node of the power switch and Iload is emulating the inductor current. From this

test bench, the Ciss can be simulated and calculated with the equation of (5.10). Under

this, the Ciss for both PMOS and NMOS is 2.36pF/mm .

Ciss = AV G

{

Igate
dVgs/dt

}Vdriver

0

(5.10)

(5.11) shows the controller loss which is a multiple of the input voltage (Vin) and the

quiescent current (Iq) to the controller.

Ploss |controller = Vin · Iq (5.11)
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Fig. 5.7 shows the loss ratio breakdown of the 4SBBC with respect to the output

voltage (Vout), and it shows the comparison between the calculation and the simulation

results. The power stage loss is the sum of the Rdson loss ((5.6)), RL loss ((5.7)), and RC

loss ((5.8)). The driver loss stands for the gate charge loss which is shown in (5.9), and

the controller loss is from the (5.11). The loss ratio is the ratio of the each losses to the

total loss.

Fig. 5.8 shows the efficiency vs. output voltage (Vout) with different sizes of transistors

MA and MD in Fig. 5.1. For this figure, the sizes of the transistors MB and MC set to

be 23mm. It is easily expected that, bigger size of MA makes more gate losses but less

Rdson loss during the buck operation, and bigger size of MD makes more gate losses but

less Rdson loss at boost operation. Large size of the MD helps to have high efficiency

at buck mode due to the small Rdson loss of MD but degrades the efficiency at boost

mode due to the increased gate loss of MD. In similar way, large size of the MA helps to
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have high efficiency at boost mode due to the small Rdson loss of MA but degrades the

efficiency at buck mode due to the increased gate loss of MA. This is shown clearly in

Fig. 5.8.

Fig. 5.9 shows the comparison of the efficiency between the CADENCE simulation

and the calculation based on above analysis. The input voltage (Vin) is 3.3V and the

load resistor (Ro) is 5Ω. As shown in this figure, the loss analysis derived above was well

match with the simulation results.

Fig. 5.10 shows the comparison of the efficiency between the measurement data of

4SBBC and the calculation. The input voltage (Vin) is 3.3V and the load resistor (Ro) is

10Ω. This figure shows that the loss analysis match well with the measurement data at

buck mode but not at boost mode. It is because during the boost mode, the measured

Rdson value is higher than the desired value due to the weak driving voltages to the boost

switches (MC , MD).
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5.2 Polar modulation and EDGE standard

High efficiency RF power amplifiers (RF PAs) are critical in portable battery-operated

wireless communication system because they dominate the power consumption of the

system. Especially, EDGE system uses the envelope varying signal to increase its data

rate. This envelope variation requires the linear or linearized RF power amplifier. How-

ever, linear power amplifiers, such as class A, class B or class AB have a drawback of low

efficiency which degrades battery run time [5].

One popular architectural solution to transmit envelope varying signal with high efficiency

is the polar modulation which is shown in Fig. 5.11 [5, 7, 9, 10, 52]. Polar modulation

uses two signal paths; one is envelope path, A(t), and another is phase path, φ(t). This

phase path contains no envelope variation, so high efficient nonlinear power amplifier

such as Class E can be used to transmit phase information. Then the envelope variation

is restored by modulating the supply voltage of power amplifier through the envelope

path.

The block diagram of typical polar modulation is shown in Fig. 5.11. In this figure,

the envelope modulator is implemented with 4SBBC. The essence of polar modulation

is separating the envelope signal, A(t) and phase signal, φ(t) from transmitting infor-

mation. In polar modulation, the power amplifier is only processing phase modulated

signal which has a constant envelope. This means the power amplifier do not need linear

amplification. So a switched mode power amplifier such as class E can be used in this

system whose power consumption is theoretically zero[5, 53]. The time varying envelope

signal is recombined at power amplifier by modulating supply voltage through the en-

velope modulator. Now the linearity of the transmitter depends on the linearity of the

envelope modulator. Any conventional power supply like linear regulator or switched
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Figure 5.11: Block diagram of polar modulation with buck boost converter as a envelope
modulator

mode power supply can be used as a envelope modulator, even if the response of the

power supply from Vref to Vout has linear relationship, and the closed loop gain is wide

enough to envelope signal bandwidth. Even to the envelope modulator, switched mode

power supply has theoretically 100% power efficiency. So with polar modulation archi-

tecture, both high efficiency and high linearity can be achieved if we have a good enough

enveope modulator.

In order to design the envelope modulator properly in polar modulation architecture,

the understanding of the signal which will be used in this system is necessary. In this

chapter, EDGE standard is used as a transmitting signal.

A EDGE standard is the evolution of the current GSM standard to provide higher bit

rates of 812.5kbps by using 3π/8 offset 8–PSK as opposed to GSM bit rates of 270.8kbps,

which use GMSK modulation. The symbol rates of EDGE is equal to the bit rate of GSM

because in EDGE mode, each symbol represents 3 bit [54, 9]. Fig. 5.12 shows the EDGE
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signal in time domain. Fig. 5.12(a) is the envelope signal waveform A(t) and Fig. 5.12(b)

is the phase signal waveform φ(t) in time domain respectively. The envelope variation in

EDGE system is 17dB peak to minimum ratio, and this corresponds to voltage variation

of 0.706V to 5V. This means the proposed envelope modulator must have wide output

voltage range, regardless of input voltage variation.

Another feature of the EDGE signal can be revealed by its frequency domain infor-

mation. Fig. 5.13 shows the the envelope and phase components of EDGE signal with

composite complex EDGE signal and transmit mask together. As shown in Fig. 5.13,

the composite complex EDGE signal has most energy within 200KHz offset from center

frequency. However, envelope and phase signal has wider spectrum than composite com-

plex EDGE signal spectrum. Several papers discussed this issue and proposed different

bandwidths for envelope and phase path which are around 1–2 MHz. [9], [52].
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Figure 5.14: Efficiency and the histogram of the EDGE envelope signal @ Vin = 3.3V

5.3 Average Efficiency and power stage optimization

of 4SBBC with EDGE envelope signal

Fig. 5.14 shows the efficiency of the 4SBBC and the histogram of the EDGE envelope

signal with respect to the output voltage. For the efficiency, the size of the power tran-

sistors are WA = WC = 69.12mm and WB = WD = 1/3WA, and the switching frequency

is 10MHz and input voltage is 3.3V . As shown in Fig. 5.14, the output voltage range is

from 0V to 5V. For the histogram, this is redrawn from the 1.5msec long EGDE envelope

signal. This histogram shows the relative voltage distribution of the EDGE envelope

signal which is normalized to maximum 5V. As shown in this figure, maximum efficiency

of the 4SBBC is obtained the transition point of the buck and boot mode which is around

3.3V.

Fig. 5.15 is the time domain waveforms of the EDGE envelope signal (Vout(t)) and its

corresponding instantaneous efficiency (η(Vout(t))) which is calculated from the diagram
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Figure 5.15: output voltage and the corresponding instantaneous efficiency in time do-
main @ Vin = 3.3V

shown in Fig. 5.14. As consistent with the Fig. 5.14, the maximum efficiency is shown

when the Vout(t) is around 3.3V.

By using the above two figures (Fig. 5.14 and Fig. 5.15), the following equation (5.12)

can be derived for average efficiency of the 4SBBC with a EDGE envelope signal as a

reference. The σ is the time range of the reference signal which is the EDGE envelope

signal and is 1.5msec long for here. This equation is deduced from the similarity of

the efficiency measurement. At the measurement, the efficiency can be measured from

the ratio of the measured output power and the measured input power. As with the

measurement described above, the numerator in the integral of (5.12) stands for the

output power and the denominator in the integral is the input power of the system.

Therefore, the average efficiency of the system in (5.12) is the ratio of the integral of the

output power and input power for long enough period. Here, long enough period means

all possible output voltage values should be included during the period.
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Figure 5.16: Average efficiency with respect to WB and WC when WA = WD = 69mm

ηaverage =

∫ σ

0
V 2
out(t)dt

∫ σ

0
{V 2

out(t)/η (Vout(t))} dt
(5.12)

As a comparison, with the sizes of the power transistors of WA = WC = 69.12mm

and WB = WD = 1/3WA, and the switching frequency of 10MHz and input voltage of

3.3V and load resistor of 5Ω, the calculated average efficiency from (5.12) is 83.3% and

cadence simulation result shows 82%. This verify that the average efficiency calculation

proposed in (5.12) expects quite accurate number.

(5.12) can be used to determine the size of the power transistors of the 4SBCC for

high efficiency with EDGE signal. Fig. 5.16 is the average efficiency of the 4SBBC with

a EDGE envelope signal as a reference at the function of WB and WC which are the
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widths of the power transistor MB and MC in Fig. 5.1 respectively. For this, WA and

WD set to 69mm. Fig. 5.17 comes from Fig. 5.16. The average efficiency curve of WB

is drawn at the condition of WC = 24mm,WA = WD = 69mm, and that of WC is drawn

at the condition of WB = 24mm,WA = WD = 69mm. From these Fig. 5.16 and Fig.

5.17, it is observed that there exist optimum values of each transistor width to achieve

the maximum efficiency. As shown in Fig. 5.16, when WA = WD = 69mm, WB ≈ 10mm

and WC ≈ 70mm give the maximum average efficiency

Fig. 5.18 and Fig. 5.19 show the average efficiencies of the 4SBBC with a EDGE

envelope signal as a reference at the function of WA and WD which are the widths of

the power transistor MA and MD in Fig. 5.1. For this, WB and WC set to 23mm.

Especially, for the Fig. 5.19, the average efficiency curve of WA in is drawn at the

condition of WD = 72mm,WB = WC = 69mm, and that of WD is drawn at the condition

100



Figure 5.18: Average efficiency with respect to WA and WD when WB = WC = 23mm
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Figure 5.19: Average efficiency with respect to WA and WD when WC = 72mm,WB =
WC = 23mm and WA = 72mm,WB = WC = 23mm, respectively
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of WA = 72mm,WB = WC = 23mm. From these Fig. 5.18 and Fig. 5.19, it is

also observed that there exist optimum values of each transistor width to achieve the

maximum efficiency. As shown in Fig. 5.18, when WB = WC = 23mm, WA ≈ 170mm

and WC ≈ 150mm give the maximum average efficiency.

When the high efficiency is the only parameter, it is possible to choose any numbers

of the sizes to each power transistors, but there is one things to consider to decide the

transistor sizes for the 4SBBC. Let’s look at the Fig. 5.8 again. This figure shows that

the efficiency graph with different WA and WD. As shown this figure, when WA and WD

have different values, the efficiency graph shows the abrupt change at the transition point

between buck and boost modes. It is deduced that when WA and WD has different value

and WB and WC are different, its resultant Rdsons change. This results that the transfer

functions between these modes also abruptly change, and the smooth mode transition

fails. Therefore, the sizes of WA and WD and that of WB and WC keep same respectively

to achieve the smooth mode transition for 4SBBC.

Following from Fig. 5.20 to Fig. 5.23 show the average efficiency graphs with the

condition of WA = WD and WB = WC as mentioned just above. Fig. 5.20 is at the

condition of and WB(= WC) = WA(= WD)/3, Fig. 5.21 is at the condition of WB(=

WC) = WA(= WD)/2, Fig. 5.22 is at the condition of and WB(= WC) = WA(= WD),

and Fig. 5.23 is at the condition of and WB(= WC) = WA(= WD)× 2.

For each diagram, there exists the optimum sizes of the transistors, but Fig. 5.20

shows the highest average efficiency at the optimum sizes of the transistors. And also Fig.

5.20 shows that the average efficiency is less sensitive to the sizes of the transistors. In real

chip implementation, the die size of the converter is another factor to consider. Therefore,

the optimum sizes of the transistor need to be determined both by the efficiency and size

of the total converter.
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Figure 5.20: Average efficiency with respect to WA and WD with WB = WA

3
, WC = WD

3

Figure 5.21: Average efficiency with respect to WA and WD with WB = WA

2
, WC = WD

2
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Figure 5.22: Average efficiency with respect to WA and WD with WB = WA, WC = WD
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Figure 5.23: Average efficiency with respect to WA and WD with WB = 2×WA, WC =
2×WD
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Chapter 6

Conclusions

This dissertation proposed a new sample-data modeling of double edge current pro-

grammed mode control (DECPM). This DECPM controls the peak and valley value of

the sensed inductor current. By inserting double slopes of the ramp signal into the con-

trol signal, this DECPM has a fixed frequency which is two times of the frequency of the

ramp signal. The steady state condition is derived to be same as that of the conventional

current programmed mode control (CPM). The subharmonic oscillation is analyzed. The

inductor current attenuation factor (α) of the DECPM has always one irrespective of the

duty ratio when the ramp signal is not applied. Once ramp signal is applied, the inductor

current attenuation factor of the DECPM has always less that one, and no subharmonic

oscillation occurs for all duty range.

The sample-data model of DECPM is derived with a similar method done by Ridley.

In conventional single CPM, the inductor current perturbation happens only once in

each switching period and is held for one switching period. This makes the sampling

frequency of the control the same as the switching frequency of the power stage. However,

in DECPM, the inductor current perturbations happen (are sampled) two times during
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one switching period, and each updated inductor current perturbation is kept (held) for

DTs and (1 −D)Ts respectively. Therefore, DECPM has a fixed switching frequency in

the power stage but variable sampling frequency for the control with different operating

points. The sample-data model of the DECPM is derived by mathematically combining

the conventional peak and valley current programmed mode control model. With the

assumption that the control signal perturbation (v̂c) does not change during one switching

cycle (Ts), each modeling of peak and valley current mode control for DECPM derived

independently. From the results of the modeling, DECPM shows two major difference

from the conventional CPM. One is the sampling frequency dependence on the duty

ratio. The conventional CPM has a constant sampling frequency of the control which

is same frequency with the switching frequency of the power stage. For this reason, the

system is always limited by the switching frequency. However, the sampling frequency of

DECPM change from switching frequency of power stage (at D=0 or D=1) to two times

of the switching frequency (at D=0.5). Therefore, DECPM can have wider bandwidth

than CPM when duty ration is not zero or one. The other feature of DECPM is a larger

current loop gain than in single CPM. For example, the peak CPM has larger current

loop gain at high duty ratio and the valley CPM has larger one at low duty ratio. But

DECPM follows the larger current loop gains of either peak CPM or valley CPM at

both high and low duty ratio. These features make DECPM possible to have as constant

dynamics upto high frequency for all duty ratio and to be applicable to the wide range

DC-DC converter application.

A 10MHz CMOS 4 switch buck boost converter (4SBBC) is designed and implemented

with DECPM. A 0.5µm CMOS JAZZ process is used and the power stage and all con-

troller including compensator are integrated into a single die. Experimental results show

that the 4SBBC generates the output voltage range of 0.7V to 5V with a nominal input
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voltage of 3.3V and exhibits a smooth mode change between buck and boost modes. The

maximum load current is 460mA, and the peak efficiency of 80% is measured at a 10MHz

switching frequency.

The power stage optimization of 4SBBC for polar modulation is showed. The detail

power breakdown is analyzed for each buck and boost mode condition. Due to the

fact that the high side switch is implemented with PMOS, the diode conduction model

is included at low output voltage. The analytical loss model of 4SBBC is verified by

CADENCE simulation and measurement results. With a EDGE envelope signal which is

used as a reference signal to 4SBBC for polar modulation, the average efficiency is used

for the optimization process.

6.1 Future works

As switching frequency is getting higher, the internal delay of the controller affect to

the stability of the system [42]. These internal delay comes from driver, current sensor,

voltage loop compensator, comparator, etc. In single CPM, one edge of duty cycle is

determined by control law which experience signal delay through the loop, but another

edge is set by clock which does not experience control delay. Therefore, in single CPM

case, signal delay may affect switching period/frequency and cause system to be unstable

even with small internal signal due to asymmetric signal delay on both edge of duty

information. However, in DECPM, both edge of the duty cycle is determined by the

control laws and experience same control delay on them. So, even if there exists signal

delays through the control path, this delay does not affect to switching period/frequency.

Therefore, it can be assumed that DECPM have an advantage of insensitiveness to the

internal delay.
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Figure 6.1: Simulink time domain test bench for CPM

Fig.6.1 and Fig.6.2 are the time domain test benches for CPM and DECPM respec-

tively designed in MATLAB Simulink. The 10MHz 4SBBC is used for the comparison.

In these simulations, the input voltage Vg is 3V, and reference signal is applied to change

the output voltage from 0V to 5V.

Fig.6.3 to Fig.6.6 show the simulation results of CPM with 3nsec internal delay added.

Fig.6.3 shows the quasi DC simulation of the reference signal and the corresponding

output voltage. Fig.6.4 shows the control signals for CPM; control signal, ramp signal,

and inductor current waveforms. Here, peak CPM is used for buck mode and valley

CPM is used for boost mode. Fig.6.5 and Fig.6.6 are zoomed-in diagram of Fig.6.4 in

buck mode and boost mode respectively. As shown these diagrams, CPM runs stable

with 3nsec internal delay. From Fig.6.7 to Fig.6.10 are the simulation results of CPM
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mode with 5nsec internal delay
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with 5nsec internal delay added. As shown these results, 5nsec internal delay makes the

system with CPM unstable. This simulation shows that when CPM controller is designed

for the converter, the each components in the controller need to be designed to have less

than total 5nsec internal delay.

From Fig.6.11 to Fig.6.14 are the simulation results of DECPM with 20nsec internal

delay added. Interestingly, in DECPM, the system runs stable still with 20nsec delay

into control loop. From Fig.6.15 to Fig.6.18 are the simulation results of DECPM with

55nsec internal delay added. By adding 55nsec internal delay into DECPM, the system

start to be unstable in both buck and boost mode.

According to the above simulation, DECPM can tolerate internal delay of almost half

of the switching period. This means when you design a high frequency converter, you

have much more freedom for delay issues in DECPM than in CPM. This would be design

benefit to high frequency converter control. More analytical and mathematical proofs

are needed on this delay insensitivity as a future work.
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with 20nsec internal delay
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Figure 6.13: Control signals of DECPM in
buck mode with 20nsec internal delay

Figure 6.14: Control signals of DECPM in
boost mode with 20nsec internal delay
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Figure 6.15: Quasi DC simulation of
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Figure 6.16: Control signals of DECPM
with 55nsec internal delay
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Figure 6.17: Control signals of DECPM in
buck mode with 55nsec internal delay

Figure 6.18: Control signals of DECPM in
boost mode with 55nsec internal delay
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