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Current-Mode Class-D Power Amplifiers for
High-Efficiency RF Applications

Hidenori KobayashiMember, IEEE Jeffrey M. Hinrichs, and Peter M. Asbedkellow, IEEE

Abstract—We show that current-mode class-D (CMCD) power +¥DD
amplifiers can achieve high efficiency at RF frequencies. In
contrast with conventional voltage-mode class-D amplifiers, the

WJ
CMCD features “zero voltage switching,” which eliminates the ]_Mv\_{
Filter

output capacitance discharge loss. Experimental CMCD ampli- % M2 on Ml on M2 on MI on
fiers with 76.3% power-added efficiency (PAE) at 290-mW output M2 | Rload V]
and 71.3% PAE at 870-mW output are demonstrated using GaAs Ll
FETs at 900 MHz. = = \ / \
Index Terms—Analog circuits, MESFET power amplifiers, @) (o] Dreim-Source Voltage  time
power amplifiers, wireless communications. /\
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|. INTRODUCTION ©

WITCHING-MODE power amplifiers have the potential

or high efficiency, with drain efficiency theoretically
approaching 100% [1]. However, available transistors are nt
ideal switches because of parasitic reactances, finite on-r = = =
sistance, and limited gain. Class-D amplifiers are popula:
swnchmg_—mode ampl-lfl-ers for au_d'o frequence;- Howevert-ig.l. VMCD circuits and waveforms. (a) VMCD circuit 1. (b) VMCD circuit
they exhibit poor efficiency at higher frequencies becauge(c) Current and voltage waveform.

parasitic reactances lead to substantial loss [2]. If transistor

switches have output shunt capacitangée_(anq not too large paner the CMCD is demonstrated with GaAs FETS to achieve
series mductan_ce), then energy2CV?< is dlss_lpated eac_h ~75% power-added efficiency (PAE) at 900 MHz.
cycle, whereV is the voltage across the transistor at switch

closure. The cIa;s-E approach can solve th.ese problems [3]. Il CONCEPT OFCMCD
When the transistors turn on and the switches close, the

voltage across the devices is always zero so output capacitandeild. 1 shows the basic schematic of a voltage mode class-D
discharge loss is avoided [i.e., zero-voltage-switching (ZVS)YMCD) amplifier (sometimes referred to only as “class-D”).
This approach works well up to the megahertz frequency randdie fundamental circuit and a more practical realization are
but is less effective in the gigahertz range. Uncertain duty cygi@own in Fig 1(a) and Fig 1(b), respectively. Two transistors
due to sinusoidal driving waveforms, nonlinear capacitanc@€ driven 180out-of-phase. A series filter is employed, with
and other parasitic components degrade the class-E operatforgsonant frequency set to the center frequency of the signal.
Multiharmonic load termination [4], class-F [5], and inversédeal drain voltage and drain current waveforms are shown in
class-F (tuned class B) [6], [7] are other less well-develop&dd 1(c). The voltage across the transistors is a square wave
techniques to achieve ZVS (or zero-current-switching (ZCHnd the transistor current becomes a half-wave rectified sine
a related condition that minimize series inductances losse&fve. However, if the transistors have some output capacitance
Here, we describe another approach that can achieve ZVS, hes, this capacitance must be charged or dischargéghtpor
current-mode class-D (CMCD) amplifier. This is related to th@round through the transistor. That means that the voltage wave-
more frequently used voltage-mode class-D amplifier by darm cannot have a perfect square shape and some transient cur-
interchange between voltage and current waveforms. In i@t spikes occur when the transistor turns on. The overlapping
of voltage and current cannot be avoided. This loss can be de-
ﬁ(cribed by an energy lods. per cycle withE,. given by

Rload
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b loss is eliminated and inductance las&L1? is unavoidable

) Rioad without ZCS at node A in Fig. 3(b). In practice, transistors are
modeled more accurately as Fig. 3(a) than Fig. 3(b). Addition-
ally, in suitable integrated-circuit (IC) implementation, the drain

M2 on M on M2 on M1 on

| Filter v] inductance can be minimized.
M1 )4 fﬂz Another advantage of the CMCD amplifier is ease of imple-

4 L o m ﬂ . mentation at high frequency. The VMCD amplifier typically re-

(@) (Al Drain-Source Voltage  time  qujres complementary devices or a center-tapped transformer to
function properly. The CMCD amplifier only requires a simple
/—\ / \ balun structure.
0 Drain Current time
() Ill. THEORETICAL ANALYSIS OF CMCD

Rload . . . .
In an ideal situation, the drain—source voltages:, Vbs2

are half-rectified sine waves and the drain currefjts, s>
= = are square waves. The current sources are ideal chokes tied
to voltage sourcé’pp, as shown in Fig. 2(b). The peak drain

Fig.2. CMCD circuits and waveforms. (a) CMCD circuit 1. (b) CMCD circuitVOltage can be calculated by
2. (c) Current and voltage waveform.

T T'/2
/ VDs(t) -dt = / Vpeak - sin (wt) -dt=T-Vdd
0 0

Veap = Vsw Veap™s Vsw
Tind X Isw Tind = Isw (2a)
J j Voeak =7 - Vdd. (2b)
Iind lind
A LL Ve Let us suppose the transformer ratiom is 2: 1 in Fig. 2(b).
/ \ / AT Power output can be calculated by

Vsw Ist Veap Vsw / 1 (W'VDD)Q
\ / \ Four =5 ~—F——. (3)
2 Rload
— — In an ideal situationPour and Py are the same, thus, the dc

drain current can be expressed as

(a) (b)
Fig. 3. Switch models. Inc = Pour/Vop. (4)

high frequencies starting at hundreds of megahertz. This is onédowever, (2a)—(4) are too ideal to properly represent real RF
of the reasons that class-D is not a popular gigahertz amplifismplifiers. High-order harmonic frequencies are needed for per-
Fig. 2(a) and (b) shows the CMCD circuits and Fig. 2(c) showect half-rectified sine or square waves. In RF frequency opera-
the waveforms for each transistor. For the CMCD, we use cdion, it is very difficult to control impedance for the high-order
rent sources instead of voltage sources, and the two switchir@ymonics due to the frequency dependence of each component.
transistors control the current instead of the voltage. There ig\anore realistic estimate results from ignoring harmonic com-
parallel-connected filter, with resonant frequency set to the cgenents oftpg andIpg greater than third order. The parallel
rier frequency. Due to the filter resonance, there is no voltafjéer and balanced circuits are still considered ideal in this cal-
across the transistors at each switching time and so-called Z&gation. In this case, the load line appears open to second har-
is achieved. Even if the transistors have some output capawvienics and short to third harmonics. The voltage and current
tance, the output capacitance can become part of the output gan be described as
allel filter; voltage waveforms are still as shown in Fig. 2(c).
This ZVS feature is a key advantage of the CMCD architecture. Vps (t) = Vop + Visin(wt) — Vacos (2wt) (5a)

As mentioned above, another important switching condition, _ . .
i.e., ZCS, avoids inductance losses by making the current zero Ips (1) = Inc — isin () — Josin (3ut) (5b)
at the instant of switching. VMCD and class-F achieve this con-yye suppose the transistors’ drain voltage and current never

dition. However, ZCS is less important than ZVS. Fig. 3(a) angbcomes negative. This can be expressed by
(b) shows examples of switches with parasitic inductance and

capacitance in different topologies. In Fig. 3(a), the capacitance min. {Vps(t)} =0
voltage and the swﬂph voltage are identical. Th.us, if there is {min. {Ins ()} = 0.
voltage when the switches turn ary,2C'V2 energy is lost, and
ZVS is needed at node A to avoid this loss. However, current c@o represent the switching operation, we consitdgrand I3

continue to flow to the capacitor when switches turn off and theith the restriction that the waveform must be monotonically
inductance loss is eliminated. On the contrary, the capacitangereasing during one half cycle and monotonically decreasing

(6)
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during the other half cycle. The coefficients that achieve the 10 T
above condition can be calculated from o
- N Fund.+2nd
*Vps _0 (7a) s 8 N — — Fund.+2nd+4th ||
A2t wt=(3/2) - > | o\ | Ideal
g 6 1
d?1 G
d,fs —0. (M) =
t lwt=1/2)x, (3/2)% s 4 7
a
From (5)(7b),V1, V5, I;, andI3 can be determined to be 2
4 , A
Vi=2Vop (8a) ol | £
1 0 0.25 0.5 0.75 1
Vo = 3 Vbop (8b) T
9 ()
L = 3 Inc (8c) 0.3 ,
1
I = - Ipc. (8d) 0.25 |-
8 T
If V5 or I3 are increased from these values, the waveforms de- *q:‘, 02
velop multiple peaks and valleys. §0 15
Suppose the transformer ratio: m is 2:1 in Fig. 2(b). e \ /
The relationship of fundamental current and voltage can beg 0.1 :
expressed as \ / : Fund.+3rd
- 0.05 L\ /’ ‘| — — Fund.+3rd+5th ||
L2V ©) \\ j o Ideal
Rload 0 N 1 1 1

_ _ 0 0.25 05 0.75 1
Total dc input current, dc input power, and output power are T
given by )
16 Fig. 4. CMCD analytical voltage and current waveforms. (a) Voltage
Ipc—tota1 =2 - Ipc = 1y (10a)  yaveforms. (b) Current waveform¥ip = 3 V, Rigaq = 50£2).
PN =Inc—total - VI 10b . . .
N AhCtotal “TDD (10b) mental load is fixed. On the contrary, dc input current (dc input
1(2- V1)2 1(8/3- VDD)2 power) is almost constant.
Pour == == . (10c)

2 Rload 2 Rload

. . . . . IV. PA DESIGN AND SIMULATION
Transistors (switches) are not ideal in this case. There are

simultaneous drain currents and voltages causing the transistorshe CMCD amplifier was implemented at 900 MHz with
to dissipate energPour — Pix. Waveforms of voltage and commercially available GaAs MESFETs (Infineon CLY5).
current are shown in Fig. 4. Table | shows corresponding valu&tarmonic-balance simulations were performed with HP ADS.
along with efficiency for the caséyp = 3V andRje.q = 50Q.  Statz MESFET model parameters of the chip transistor and
Further analysis, including higher harmonics up to fifth hathe SOT223 package model were used. The CMCD circuits
monics, can be considered using (11a) and (11b), which are @ee redesigned using a Sb-coaxial balun and are shown in

rived by similar considerations as follows: Fig. 5 (minor package parasitic components are omitted in
this figure). Due to practical board layout constraints,{25-
Vos = Vop + 64 Vbpsin (wt) — 4 Vbpeos (2wt) transmission line§, and’; are inserted between components.
45 9

We optimized the lengths of; and 7», and the values of

_ iV o 11 Cext and Cpy to achieve ZVS at node A (not at the drain
45 ppeos (4wt) (112) terminal of the transistor package) by simulation. Fig. 6 shows
75 25 simulated voltage and current waveforms. Solid lines indicate
Ips =Ipc — gy Ipcsin (wt) — 52 Ipcsin (3wt) chip drain—-source voltage and current, and dotted lines are
3 voltage and current including package parasitic components
— mfncsin (bwt) . (11b) (mainly Lp and Cps). Due to device parasitic drain—source

capacitance, the drain current does not look like a square wave,
Results for this case are also shown in Fig. 4 and Table |. Ast becomes negative when the transistor is off. If we extract all
we expect, efficiency increases if appropriate higher order hautput capacitances (including device capacitances), the current
monic terminations are used. Also, we can see that output powe&veform should be more rectangular. In this simulation, we
is very sensitive to harmonics terminations even when the fundechieved 84% PAE at 25.4 dBm (0.35 W) withp = 3 V.
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TABLE |
THEORETICAL EFFICIENCY (Vbp = 3 V AND Rigaqa = 502)

Maxi Drain Peak | Total DC Output DC input Switch Drain
aximum :
Harmonics Voltage Current Power power loss efficiency
vl [mA] [mW] [mW}] [mW] [%]
3+ 8 284 642 852 210 75.3%
5t 8.54 295 729 885 156 82.4%
All (0) 9.42 296 887 887 0 100%
Gate Bias [V] )
0 —_—
180 T drain on chip
Hybrid /14 /% 8 /\
Vin(+) e' / ,\\ ,\\ drain of package
1ni ¥ 0
s o E AN A
b wb— L A\
Matching Vin() 4 \_\ / \_‘
Circuit O el Ve
J o~ s
- =3 0.ol LR} I0.5l LI I1'0l LI} l1'5I LI lz'ol LI} l25
time, nsec
Lechok: Lchoke
o ‘ T2 Balun @
[A]
Lt 03 —
n 500hm 02 ] "'.‘ "'|‘ exclude Cds,pack
4 .0 [ . Include Cds,pack
TZ = o1l N AN e
- NN
| Cex — Node A 00 \\/ / \\/ 4
T - \;
Vin(+) — Vin(-) -0.1 ok R
Cps . - "
R o i e
= == L 00 05 1.0 15 20 25
time, nsec
Fig. 5. CMCD circuits for high frequency. ()
Fig. 6. Simulated voltage and current waveforms. (a) Voltage waveform.
V. EXPERIMENTAL RESULTS (b) Current waveform (operational frequeney900 MHz).

A picture of the CMCD power amplifier is shown in Fig. 7.
A Mini-Circuits 180" hybrid is used to generate the balanced
signal for the input and input impedance-matching circuits are
tuned for maximum gainC.,; andCy; in Fig. 5 are optimized
for higher efficiency.

Fig. 8 shows the efficiency and RF output power when the
gate-bias voltage is-1.7 V andVp, is 3 V. The input power
does not include the 18ybrid loss, but the output power in-
cludes output balun loss. The drain efficiency reaches 80% whe o
the input power is above 11 dBm. The PAE reaches a peak valu
of 76.3% under these conditions. The corresponding power gai
is approximately 12 dB. The gain decreases with increasing
input power since the output power is nearly constant (and de
termined only by the power supply voltage). Fig. 9 shows the
output power and efficiency whér,p is 5 V. Drain efficiency 5
of 75.6% and PAE of 72.5% was achieved with the input power -
set to 14.7 dBm and output set to 28.6 dBm (0.73 W). In both o
cases, output power is much smaller than the theoretical valtf /= ©MCP PA cireut.
we expected. One of the reasons is that we can only achieve up
to third harmonic terminations, and even second and third haepmponents. We believe that the nonideal RF choke especially
monic terminations are not perfect because of device parasi&creases output power.
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W——7—— 77— 100 VoD[dB]
P P Ead —
E‘ I Outp‘ut-eczwer S . —ls0 Fig. 11. Output power and efficiency versus VDB = 12.7 dBm).
aQ -
2251 o =
g 1% 8 5 26 .
5 I 1 o - -
a a0 5 B, .,.\h’_.(:"\-o—o—o/‘\‘\.
S o0l I I 24f v kS .
220 o . \
- 3N - . AN m
5 20 nd A
o Drain Efficiency _| 2oF Y 4
] - % -
15 1 l L I 1 I 1 0 \“
0 10 20 201 N T
Input Power {dBm] 800 900 1000 1100
Frequency [MHz]

Fig. 9. Measured output power and efficiendp = 5 V).

80
! i
500 ; ]
% 70 % ; :
S L. i ) ]
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300 Frequency [MHz]
-2 18 16 D140 (b)

Gate Bias Voltage [V] Fig. 12. (a) Output power and (b) PAE versus frequency.

T iﬂ%m)ompUt and PAE versus gate bias voltagsr( = 3 V. Pix = ¢ircyjits were tuned with variable capacitors at every frequency.

This eliminates some of the frequency dependence of the input

In the regime of low input power (less than 6 dBm for IOV\;natching circuits. In this case, the power output becomes
Vop, less than 10 dBm for highip), the CMCD works as a almost flat and PAE is greatly improved. This indicates that

class-B or class-AB push—pull amplifier (because the parall'@IUCh of the circuit’s bandwidth is a result of input impedance

filter is an open circuit at the operational frequency). Thus, t dreutts. From the standpoint of harmonic tuning, second

structure is an approximately linear amplifier in this regime. armonics should be presented with an open and third har-

Fig. 10 shows the gate-bias voltage versus dc input powg}omcs should be shorted for the CMCD. Balanced circuits are

output power, and PAE dtpp = 3 V and Py = 12.7 dBm, mt’rinsically'open at even harmonics and output. capacitances
PAE stays over 70% when dc bias is belod.6 V., In the regime of the transistors and filter tend to be shorted_ at high frequency.
of dc bias> —1.6 V, the transistor cannot be in the off state an hese two are I_ess dependent on t_he operational f_requency and
losses increase rapidly. Fig. 11 shoWys, versus output power the output Ioaq impedance. We be||e\_/e the CMCD IS capable_of
and PAE in a decibel scale Biy = 12.7 dBm. Poyr andVip glarge bandwidth when broad-band impedance input matching
are linear on a decibel scale, which me&ks; is proportional is used.
to the square o¥pp. At higher Vpp's, the output power be-
comes compressed a little. This is because the transistor power
gain is limited and the device does not work well as a switch in The output of the CMCD amplifier has a nearly constant en-
this region. velope, dictated by the power supply voltage. Thus, it is ap-
Fig. 12 shows the frequency dependence of output powmopriate for use with modulated signals of constant envelope.
and PAE. The dotted line shows the CMCD optimized for 90Big. 13 shows the output spectrum when a global system for mo-
MHz. The solid line shows the case where the input matchimgle communications (GSM) modulated input signal was used

VI. SYSTEM APPLICATION
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