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Fundamental Study of Influence of Ripple Noise
From DC-DC Converter on Spurious Noise
of Wireless Portable Equipment

Satoshi Sugahara and Shinichiro Matsunaga

Abstract—Power supply noise is a serious concern in noise-
sensitive radio frequency or analog circuits. This paper presents an
analysis of the influence of the synchronous rectification buck-type
dc—dc converters for power amplifiers. An output ripple noise equa-
tion of the converter and a spurious noise equation of the carrier
output voltage of the class-A amplifier powered by the converter
are derived to analyze fundamental characteristics of these noise
components theoretically. The amplifier’s output spurious noise is
calculated by these equations and measured by the evaluation cir-
cuit board. The spurious noise variation caused by the parameter
variations of the amplifier or the converter is discussed based on
these experimental and theoretical results. The spurious noise can
be suppressed by decreasing the channel length modulation coeffi-
cient of the n-channel MOSFET constituting the amplifier and the
natural frequency of the converter output LC filter. The spurious
noise is reduced to low level below — 60 dB compared to the carrier
signal by setting the channel length modulation coefficient below
0.1 V7! and the natural frequency below 120 kHz. Furthermore,
when the natural frequency is below 40 kHz, the spurious noise is
— 80 dB below the carrier signal.

Index Terms—Amplitude modulation, channel length modula-
tion coefficient, dc—dc converter, natural frequency, power ampli-
fier (PA), ripple noise, spurious noise.

I. INTRODUCTION

INCE more and more integration of multiple functions in
S the wireless portable equipment, such as cellular phones,
tablet computers, and laptop computers, is advanced, the feature
of the longer battery life but small/light weight has become
strong interested trend in recent application. The key technology
for matching the target is to enhance the efficiency of the power
supplies [1], [2].

Linear regulators, which have just input and output capaci-
tors as external parts, are advantageous to achieve small size;
hence, they have been employed extensively as main power
supplies of portable equipment. Although, because the supply
voltage of the electronic components keeps decreasing year by
year, the efficiency of linear regulators decreases for low out-
put voltage range caused by the dropout loss in the variable
resistor [3], [25]. Therefore, to replace linear regulators with
high-efficiency switching dc—dc converters has been advancing.
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Fig. 1. Block diagram of ET PA supplied from dc—dc converter.

Conventional dc—dc converters have a problem with their large
size due to magnetic devices, which occupy the main volume of
converters. Nevertheless, in recent years, research of the minia-
turization of magnetic devices has been advanced extensively
[4]-[11]. Furthermore, small-size dc—dc converter modules for
portable equipment have been developed with integrating planar
inductors in [12] and [13].

Radio frequency (RF) power amplifiers (PAs) are the most
power-consuming components in typical wireless portable
equipment [23]-[25]. In modern cellular phones after the third
generation, since the amplitude of the carrier signal is modulated
in order to achieve higher data rates, high linearity is required
in RF PAs [14]. However, the PAs are generally operated in
class-A or class-AB mode where their efficiencies are poor.
Additionally, as the PAs are always transmitting, their power
consumptions are rapidly increasing. Since the PAs have poorer
efficiencies in the low output power region, the efficiency im-
provement by reducing the PA supply voltage is studied. As a
result, high efficiency is maintained even at low power region
[14]-[28]. The envelope tracking (ET) technique that modulates
the supply voltage according to the RF PA output voltage enve-
lope has been reported in [14]. Moreover, the method for gen-
erating this variable supply voltage with an efficient switching
dc—dc converter has been proposed [15]. Similar investigations
have also conducted in [16]-[28]. Fig. 1 shows the block dia-
gram of the ET PA supplied from the switching dc—dc converter
[21].

However, switching dc—dc converters are plagued by their
noisy output with broadband frequency range caused by their
switching operation [29]. Therefore in general, series regula-
tors have been used to provide power for high precision RF or
analog components that are sensitive to noise. The conducted
output voltage noise of the switching dc—dc converter consists of
the ripple noise and the ringing noise. The ripple noise consists
of switching frequency fundamental and harmonics; the ring-
ing noise is caused by the resonance of the parasitic inductors
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Equivalent circuit of synchronous rectification buck-type dc—dc

and capacitors of electronic components, lead wires, and circuit
board [30]. The periodic noise of the converters generates spu-
rious noise by the high and low sidebands of the carrier signal
[15], [16]. Since the noise of the dc—dc converters is usually
low frequency compared to RF signals, the sizes of filter pas-
sive components are enlarged; this is not desirable for portable
equipment. In this case, it is important to know how much sup-
ply voltage noise is tolerable to secure the RF signal quality.
Stauth and Sanders have analyzed the influence of a sine wave
which is injected on the supply voltage by an arbitrary waveform
generator to the RF PA [19].

This paper presents the fundamental analysis of the influence
of the output ripple noise of the dc—dc converters to the high
precision analog circuits such as class-A amplifiers that consti-
tute RF PAs or weak signal processing circuits. The spurious
noise of the carrier output voltage of the typical class-A ampli-
fier consisting of an n-channel MOSFET using the synchronous
rectification buck-type dc—dc converter as its power supply is
analyzed experimentally and theoretically. The ratio of spurious
noise to carrier output signal is independent of the amplitude of
the carrier output signal; however, it increases with the converter
input voltage, the channel length modulation coefficient of the
n-channel MOSFET, and the natural frequency of the converter
output LC filter.

In Section II, the output voltage ripple equation of the dc—dc
converter is derived. In Section III, the spurious noise equation
of the carrier output voltage of the class-A amplifier powered by
the de—dc converter is derived. In Section IV, the details of the
fabricated test circuit system are described. Section V presents
measurement and calculated results of the spurious noise caused
by the output voltage ripple of the dc—dc converter. Conclusions
are presented in Section VL.

II. OUTPUT VOLTAGE EQUATION OF DC-DC CONVERTER

In this section, the output voltage spectrum equation to ana-
lyze an influence of the ripple noise from the synchronous recti-
fication buck-type dc—dc converter is described in the equivalent
circuit shown in Fig. 2.

A. State Equations [12]

In Fig. 2, Vix and Voyr are the input voltage and the output
voltage, respectively. Rgyr and Rgy, are the on-resistances of the
high-side switch Sy and the low-side switch Sy, respectively.
L and R;,q are the inductance and the series resistance of the
inductor in the output LC filter, respectively. Cp and R are the
capacitance and the equivalent series resistance of the capacitor
in the output LC filter, respectively. Ry, is the resistance of the
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load resistor. Switches Sy and Sy are turned ON and OFF
complementarily and output the pulse voltage. The dc and low-
frequency components of the pulse voltage are then outputted
through the output LC filter.

As shown in (1), the inductor current 77, is expressed as the
sum of the ac current ¢; and the dc current I, the capacitor
voltage v¢, is expressed as the sum of the ac voltage 1., and
the dc voltage V¢, and the output voltage v is expressed as
the sum of the ac voltage v, and dc voltage Vour

iL:il+IL7 UCo:Uco+VC07 vO:U0+VOUT- (1)

In state 1 where the high-side switch is in on-state and the
low-side switch is in off-state, the state equations are expressed

as
diL 1 RL'RC .
B _ 2y — [ Rey + Ryyg + =2 22C
dt L{IN (SH+ 1+RL+RC)’L
N L
R; + Ro °°
d’vco 1 .
= Ry -ip — v,
di CO(RLJrRC)( Lt = veo)
R ,
- " (R, - .). 2
Vo RL“I‘RC( c i +veo) (2)

In state 2 where the high-side switch is in off-state and the
low-side switch is in on-state, the state equations are expressed

as
% = —% {(RSL + Rina + 7]]:; _:Zi ) i
+RL}EFLRCUCU}
dq:lio - C, (RL1+ Ry (B i —veo)
vo = g (R it 4 ve). 3)

B. Waveform of Output Voltage

In steady state, a cycle average becomes constant. Therefore,
(2) and (3) result in

Vo =

M ; 2fs-Co-R¢
Vour + B{ e+ (2GeHe — 1)t (o
1-2D

T 6 fs }

Vour — E{lf“‘D (t_ %)z

IN

o

IA
PSS
N—

—Co - Re

“4)



SUGAHARA AND MATSUNAGA: FUNDAMENTAL STUDY OF INFLUENCE OF RIPPLE NOISE FROM DC-DC CONVERTER ON SPURIOUS NOISE

Vop=Va+Vpp

T 0
l Rp E
i Drain Yeur=Vem Ve !
! Gale\™ N channel :
: Source] MOSFET )
| i
| ]
: 2

7}7 ___________ Amplifier

Fig. 3. Circuit configuration of amplifier for analyzing influence of power
supply noise.

where
(1*D) V()UT RSI + R, 1
E = 1 SRR
25 C,-L \' T R
D= (RSL + Rinrl + RL)M M = ‘/()[‘T ) (5)
RL (RSL _RSH)M VIN

Here, fg is the switching frequency and D is the duty ratio in
state 1.

The waveform of the output voltage can be expressed by a
Fourier series as

0o
vo =Vour + Y _ Ay sin (npt + 6,,) (6)
n=1
where
p=2nfs
_ Vour Jsin (7nD))| (1 N Rsy, + Rmd)
! (mn)’ fs - D - L Ry
1 2
R —
\/ e T (27Tn'f5 'Co)
0, =tan !

2rmn - fg - Co - Re sin (2rnD) + cos (2rnD) — 1
27n - fs - Co - Re {cos (2nrnD) — 1} + sin (27nD) |

N

The output voltage ripple Ay, that is amplitude of the ac
output voltage v, is expressed as

1Dl (|

R, + R,
A — SL ind
Yo = TRP2L - Co )

R

L

4C2 R f2
o (,fé ) . (8)

'(+z><11>>

III. THEORY OF SPURIOUS NOISE GENERATION
OF CLASS-A AMPLIFIER

Fig. 3 describes the circuit configuration of the amplifier for
analyzing an influence of the power supply noise. This circuit is
a basic class-A amplifier constituted by an n-channel MOSFET
and a resistance.
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Fig. 4. Load lines of class-A amplifier.

In Fig. 3, Rp is the resistances of the load resistor of the
amplifier.

As shown in (9), the supply voltage vpp is expressed as
the sum of the ac voltage vqq and the dc voltage Vpp, and
the carrier signal voltage vcy that is the output voltage of the
amplifier is expressed as the sum of the ac voltage v, and dc
voltage Vi

VDD = Vad + VDD, VeM = Vem + Vo 9)

A. Spurious Noise Generation by Periodic Variation
of Supply Voltage

Fig. 4 explains load lines of the amplifier. Vpgy,
Vbs1', Vbga, and Vpgs' are the drain-to-source voltage of the
n-channel MOSFET in the point A, A’, B, and B’, respectively.
Ip1,Ipi’, Ip2, and Ipo’ are the drain current of the n-channel
MOSFET in the point A, A’, B, and B’, respectively. V5 and
Vas' are the gate-to-source voltage of the n-channel MOSFET.
Vr and A are the threshold voltage and the channel length mod-
ulation coefficient of the n-channel MOSFET, respectively.

It is assumed that the sinusoidal voltage of the amplitude
Vas' — Vs is applied between the gate and the source, and the
supply voltage varies infinitesimally by the width of AVpp.

In the situation where the supply voltage of the amplifier
is Vpp, it is assumed that the n-channel MOSFET in Fig. 4
operates at the operating point M1, and the drain-to-source volt-
age and the drain current are sine wave which vary between the
point A and A’. In the point A, the drain current I is expressed
as

IDI = (‘/DD _Vvum)/RD
I, = K(Vcs _Vl‘)Q (1+)‘"/DSI)

(10)
(11)
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where K is a proportionality coefficient. Equations (10) and (11)
result in

_ Voo — K- Rp (Vs — Vr)*
e 1+)»~K'RD(VG57VT)2'

In the same way as (12), the drain-to-source voltage Vg, at
the point A’ is expressed as

Voo — K - Rp (Vas' — Vr)°
141 -K-Rp (Vgs' — Vp)’

The variation width of the drain-to-source voltage AVpg;
between the point A and A’ is given by

A‘/;_)Sl =Vis — VDSI/-

12)

Vbsi1' = (13)

14

In the situation where the supply voltage of the amplifier
is Vbp + AVpp, it is assumed that the n-channel MOSFET in
Fig. 4 operates at the operating point M2, and the drain-to-source
voltage and the drain current are sine wave which vary between
the point B and B’. The variation width of the drain-to-source
voltage AVpgo between the point B and B’ is expressed as

AVbsy = Vbsa — Vosa' (15)
where
Vg, — VoD £ AVDD = K- Rp (Vs —ZVT)Z
1+Ar-K-Rp (Vgs —Vr)
Vosy' = Yon AVbo = I fip (Vos Ve
1+x-K-Rp (Vos'—Vr)
Equations (14) and (15) result in
AVpsz = AVs: (1 + %) : (17)
The ac carrier signal voltage v.,, in Fig. 3 is expressed as
Vem = Vi (1 4+ Fy4 sin pt) sinw,t (18)
where
vad = Vaasinpt, F, = A-Vaa/(1+1-Vpp). (19)

Here, V. and w, are the amplitude and the angular frequency
of Ve, atthe ac supply voltage vqq = 0V, respectively. Vyq and p
are the amplitude and the angular frequency of 44, respectively.
Equation (19) indicates that v.,, is modulated by the amplitude
modulation factor F4 consisting of the supply voltage variation
Viq and the channel length modulation coefficient A of the n-
channel MOSFET. Equation (19) results in

Fy-V

Vem = Vesinw.t+ CcOs (Wc — p) t

F A ‘/(:
2
It is means that when the supply voltage is varied, the noise
components are generated by the high and low sidebands of the
carrier signal. The spurious noise ratio S4 that is the ratio be-
tween the voltage amplitude of the sideband noise components
and that of the fundamental carrier signal is given by

Sy =F,/2.

cos (we + p) t. (20)

@
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Fig. 5. Circuit configuration of evaluation system.

B. Spurious Noise Generation by Ripple Noise
From DC-DC Converter

When the dc—dc converter in Fig. 2 is used as the supply for
the amplifier in Fig. 3, the carrier signal 1/, can be expressed
by substituting (6) into (20) as

Vem = Vpsin2nf.t

= F n"/c
+ZATCOS{27T(fC_n'fS)t_9n}
n=1

- F n -’ ch
— ATCOS{QW(fC+TL'fS)t+9n} (22)
n=1
where
o X 2% Vop [sin (mn - D)
An = 1+ Vop 3 f2-D
RSL + Rind
12 T And
( * Ry )
A1+ @n- fs - Co - Re)?
fx = 1/21\/L-Co, Vbp = Vour. (23)

Here, fy is the natural frequency of the output LC filter of
the converter. The spurious noise ratio Sy, caused by the nth

harmonic of the output voltage ripple of the converter is given
by

San =F, /2. (24)

San is expressed using the channel length modulation co-
efficient A of the n-channel MOSFET and parameters of the
converter.

IV. TEST CIRCUIT CONFIGURATION

Fig. 5 shows the circuit configuration of the evaluation sys-
tem. The dc—dc converter drives the class-A amplifier. The out-
put voltage of the amplifier is monitored by a spectrum analyzer.

A. DC-DC Converter

Figs. 6 and 7 show the circuit configuration and the external
view of the dc—dc converter. Specifications of the converter are
shown in Table I. The converter is a synchronous rectification
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points of A3 and A4 are not changed when the reference volt-
age changes. Therefore, excessive overshoot or undershoot of
Fig. 7. External view of dc—dc converter board. voltage does not occur in the error amplifier output. Hence, the

TABLE 1
SPECIFICATIONS OF DC-DC CONVERTER

Switching frequency fg [MHz] 2.0
Input voltage Vin [V] 3.0,4.0,5.0
Output voltage Vpp [V] 2.0
Load resistance R, [Q2] 10
p-channel MOS on resistance Rgy [§2] 0.5
n-channel MOS on resistance Rgy, [2] 0.5
Dead time ¢ p [ns] 15

buck-type converter controlled by the pulse width modulation
(PWM) scheme. p-channel MOSFET is used for the high-side
switch and n-channel MOSFET is used for the low-side switch.

In the circuit of Fig. 6, the reference voltage level according
to the carrier signal amplitude of the class-A amplifier is sup-
plied from the outside of the IC in order to change the output
voltage according to change of the carrier signal amplitude. The
error amplifier in Fig. 6 consists of cascade connection of input
buffer amplifiers A1, A2, the differential amplifier A3, and the
proportional integral (PI) controller A4. In this composition,
the operating points of the differential amplifier A3 and PI con-
troller A4 are fixed by bias voltage V. As aresult, the operating

output voltage of the converter can obtain the stable transient
response characteristic decided by the gain of the PI controller.

In Fig. 6, the feedback signal from the output voltage is ap-
plied to the error amplifier through the output voltage detection
resistors Rr; and Rpo. The output voltage of the error ampli-
fier depends on the difference between the reference voltage and
the feedback signal. The PWM comparator comperes the output
voltage error signal of the error amplifier and the triangular wave
signal and then generates the PWM pulse signal with its duty
ratio varied with the error signal. The PWM pulse signal is then
passed through the dead time circuit to the MOSFETs drivers to
drive the output power MOSFETs. The switching frequency is
2.0 MHz.

Fig. 8 depicts a top view of the prepared control IC. The
power MOSFETS are monolithically integrated within the ICin a
standard 1-zm CMOS process. The chip size is 2.0 x 4.0 mm?.

Tables II and III summarize specifications of the inductor and
the capacitor constituting the output LC filter of the converter,
respectively.

B. Class-A Amplifier

The prepared evaluation board of the class-A amplifier
is shown in Fig. 9. Table IV shows experimental values
of the channel length modulation coefficient A of n-channel
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TABLE II
SPECIFICATIONS OF INDUCTOR OF OUTPUT LC FILTER

Sample name L1 L2 L3

4.62
0.21

2.13
0.25

1.04
0.12

Inductance L [ H]
Resistance R;,q []

TABLE III
SPECIFICATIONS OF CAPACITOR OF OUTPUT LC FILTER

Sample name Cl1 Cc2

5.07
5.41

0.87
9.95

Capacitance C'o [1F]
Resistance R¢ [mS2]

Fig. 9. External view of class-A amplifier board.

TABLE IV
EXPERIMENTAL VALUES OF CHANNEL LENGTH MODULATION COEFFICIENT OF
N-CHANNEL MOSFETS USED IN CLASS-A AMPLIFIER

Sample name Ml M2 M3

Channel length modulation coefficient A [V™']  0.10  0.42  0.63

TABLE V
OPERATION CONDITION OF CLASS-A AMPLIFIER

Drain-to-source dc bias voltage V¢ [V] 1.0
Drain dc bias current /p [mA] 1.0
Carrier frequency f. [MHz] 600

MOSFETsS used in the amplifier under an operation condition
of 1.0-V drain-to-source voltage and 1.0-mA drain current. The
n-channel MOSFET are for analog signal amplifiers and on the
market. Table V shows the operation condition of the amplifier.

Fig. 10 presents the external view of the evaluation system
consisting of the converter board and the amplifier board. Ta-

Fig. 10.
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Bogrd

External view of evaluation system.

TABLE VI
SPECIFICATIONS AND OPERATING CONDITIONS OF MEASURING INSTRUMENTS

Model E4411B (Hewlett Packard)

Spectrum analyzer

Frequency range 9 kHz-1.5 GHz
Input impedance 50 Q2
Detector mode Peak detection
Resolution bandwidth 1 kHz
Video bandwidth 1 kHz
Probe Model 85024A (Hewlett Packard)

Frequency range 300 kHz-3.0 GHz

Input impedance 0.7 pF, 50 ©
Signal generator Model 8648B (Agilent)
Frequency range 9 kHz-2 GHz
Output impedance 50 Q2
Waveform Sine
Output frequency 600 MHz
90
80
E 70
s 60
>§ 50
= 40
&
= 30
g 20
=]
& 10
0 ' 1
_10 ] i
590 600 610
Frequency /[ MHz ]

Fig. 11.  Output spectrum of class-A amplifier.

ble VI describes specifications and operating conditions of in-
struments used to measure the amplifier’s output noise.

V. MEASUREMENT RESULTS

Fig. 11 demonstrates the measured output spectrum of the
class-A amplifier with the sinusoidal input under an operation
condition: V, =88 dBp, Vin =4.0 V, L =1.04 uH, Cp =
0.87 pF, and A = 0.42 V-!. Sideband’s spurious noise caused
by ripple on the dc—dc converter output voltage Vpp is observed
from the fundamental carrier output by £2 and +4 MHz in
this figure. These +2 and +4 MHz components are amplitude-
modulated signal by the fundamental and second harmonic of
Vbp ripple, respectively, as explained in (22). It is found that
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Fig. 13.  Measured and calculated spurious noise ratio versus channel length
modulation coefficient of n-channel MOSFETS used in class-A amplifier.

the noise caused by the fundamental of Vpp ripple is the largest
noise component in the sideband’s spurious noise. The spurious
noise ratio S4; which is the ratio of the noise voltage caused
by the fundamental of Vpp ripple to the fundamental voltage
amplitude V. of the carrier output signal of the amplifier is
approximately — 53 dB in Fig. 11. Next, S4; is discussed.

Fig. 12 shows the measured and calculated spurious noise
ratio versus the fundamental voltage amplitude of the carrier
output signal of the class-A amplifier under an operation condi-
tion: L = 1.04 uH, Cp = 0.87 uF, and A = 0.42 V~!. The cal-
culated values are given by (23) and (24). As shown in Fig. 12,
the calculated values agree with the measured values. Sy is
kept almost constant because it is independent of V, as shown
in (23) and (24). S 4, increases with increasing Vin. Assuming
the loss resistances Rsy, Rs1,, and R;,q are much smaller than
the load resistance R, (25) is derived from (5), (23), and (24)

Vs |4
S,, o« —sin <7r DD).
Voo Vix

Equation (25) indicates that S4; is an increasing function of
Vin.

Fig. 13 shows the measured and calculated spurious noise
ratio versus the channel length modulation coefficient of the
n-channel MOSFETs used in the class-A amplifier under an
operation condition: V. =88 dBu, L = 1.04 pH, and Cp =

(25)
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Fig. 14. Measured and calculated spurious noise ratio versus natural frequency

of output LC filter of dc—dc converter.

0.87 uF. As shown in this figure, the calculated values agree with
the measured values. S4; increases with increasing A because
S41 is an increasing function of A as shown in (23) and (24).
When A is below approximately 0.1 V~!, low S4; below —
60 dB is achieved.

In portable electronic communication devices, the input volt-
age of a dc—dc converter is not constant because this voltage
is from a battery, for example, Li-ion battery. Therefore, it is
difficult to avoid the dependence of the spurious noise on the
converter input voltage. For the spurious noise reduction, in ad-
dition to designing the channel length modulation coefficient
of the amplifier as small as possible, reducing the output ripple
noise of the converter is required over the entire input voltage
range of the converter.

Fig. 14 shows the measured and calculated spurious noise ra-
tio versus the natural frequency of the converter output LC filter
to reduce the output ripple noise at V, = 88 dBu, Vix =4.0V,
and A = 0.42 V™!, The natural frequency fy can be given by
substituting the LC combinations in Tables II and III into (23)
and solving fx. As shown in this figure, the calculated values
agree with the measured values. S4; increases with increasing
fn because Sy is proportional to the square of fy as shown in
(23) and (24). Therefore, the spurious noise improves by reduc-
ing fy. When fy is set below approximately 120 kHz, low S 41
below — 60 dB is achieved. For the further improvement of noise
reduction like S4; < —80 dB, lower fy below approximately
40 kHz is needed.

Assuming the equivalent series resistance R of the capacitor
in the output LC filter is enough small to ignore, (24) results in

2
S,, J;%[

From this equation, it is found that if the output LC filter has to
be miniaturized in order to reduce the size of the system although
fn increases by reduction of the inductance and capacitance of
the filter, the increase in S, can be suppressed by increasing
fs in proportion to fy.

(26)

VI. CONCLUSION

We have analyzed experimentally and theoretically the influ-
ence of the output ripple noise of a buck-type dc—dc converter
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on the spurious noise generation in the carrier signal of a class-A
amplifier. The results obtained are as follows.
1) The spurious noise equation of the carrier output voltage

2)

3)

4)

5)

6)

of the class-A amplifier when using the dc—dc converter
as its power supply was derived in consideration of the
characteristics of the component parts.

Both the experimental and theoretical analysis results of
the spurious noise caused by the converter output ripple
are explained.

The spurious noise ratio is independent of the fundamen-
tal voltage amplitude of the carrier output signal, but it
increases with increasing the converter input voltage, the
channel length modulation coefficient of the amplifier, and
the natural frequency of the converter output LC filter.
Even in the case of relatively small inductance and capac-
itance of the converter output LC filter, such as about 1 ;/H
and 1 pF, when the channel length modulation coefficient
of the amplifier was below 0.1 V~!, the spurious noise
ratio was suppressed below — 60 dB.

The spurious noise ratio below — 60 dB was obtained at
the natural frequency below 120 kHz. When the natural
frequency was below 40 kHz, the lower spurious noise
ratio below — 80 dB was achieved.

The spurious noise ratio is suppressed by increasing the
switching frequency of the converter.

The output noise of a class-A amplifier can be analyzed qual-
itatively and quantitatively by the derived spurious noise equa-
tion. For other various amplifying systems such as class-AB and
class-B amplifiers, the spurious noise equation can be general-
ized by replacing the resistive load in Fig. 3 with the complex
impedance load and by estimating the coefficient similar to the
channel length modulation coefficient of the MOSFET in Fig. 3.
These studies will lead to optimization and high performance of
wireless portable equipment and their power supply.
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