Push the

gsu Kim, Junghwar,
n, and Byungjoon Park

Al
B )
i A%
gt SBIBEIET Ve
,;..v%x.vA'#- o8 h
R 4"'v" Pine ‘ZPS o,/\
3 '—\IJ .Fc.‘ i ‘3
& S Cu g yils RS £
G LA Koriga-y 25 o e
1" @ b 5% "\' g “"gw @'.-
AR
ey Ye

"V
) e BT
.’,,!5#.‘-° o

ok

y s mobile communication systems evolve to
handle higher data rates, their modula-

tion schemes only become more com-

plicated, generating signals with large

bandwidth and high peak-to-average-

power ratio (PAPR). To amplify such signals with high

efficiency, the power amplifier (PA) should have high

efficiency not only at the peak power level but also at

low power, especially over the maximum power gen-

eration region. To realize these PA characteristics, the
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drain bias voltage of the transistor can be modulated on
the basis of the input envelope power to minimize the
dc supply power. Thus, the drain bias voltage should
follow the envelope of the modulated signal, and this
is called envelope tracking (ET). Usually, the envelope
is shaped to realize the optimum performance from
the ET PA. The PA is biased close to class B, and the
dc current is automatically adjusted to the power level.
The resulting PA has high efficiency for all power lev-
els, comparable to the maximum efficiency of the PA
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at high power. In practice, the efficiency is degraded
- somewhat at low voltage because of the knee effect,
lower transconductance, and mismatch effect for dif-
ferent drain bias voltages.

To supply the envelope signal to the drain for bias,
the envelope signal should be amplified to a suitable
level. The envelope signal has a bandwidth a few
times larger than that of the modulated signal, and
it is not an easy task to efficiently amplify a signal
whose bandwidth is on the order of several tens of
megahertz. Several supply modulators are available
to amplify the signal, but, here, we introduce a hybrid
switching amplifier (HSA), which is the most popular
architecture.

The ET technique is ideal for multimode (MM)/
multiband (MB) PAs: it simplifies broadbanding
because the MM can be handled by the supply modu-
lator and the PA’s bandwidth then just needs to cover
the RF band without any other restrictions. The supply
modulator may be an ideal power management IC for
PAs because the modulator powers the PA, and the per-
formance of the PA can be optimized by implementing
ET with the modulator. The ET technique is a powerful
tool for PAs for both base stations and handsets. These
advanced concepts of the ET technology are discussed
in this article.

Basic Operation Principle

ET is employed to maintain high efficiency from the
peak power level down to low power. In ET, the drain
supply voltage is adjusted suitably for high efficiency
at the given input power level. That is, for a modulated
RF input signal, the supply voltage should follow the
envelope signal. An envelope elimination and restora-
tion (EER) technique was proposed for this purpose in
1952 by Kahn [1], but it has several problems, and ET
is more popular nowadays. We will describe the dif-
ferences between them. For proper ET, the envelope
signal is not directly applied to the PA but is suitably
reshaped to obtain the desired performance. The shap-
ing methods will also be introduced.
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The modulated signals in current wireless communi-
cation systems have a high PAPR, and conventional
linear PAs operate at very low efficiency; thus, large
power consumption is inevitable. To solve this prob-
lem, ET and EER techniques are employed by many
researchers [1]-[21]. As shown in Figure 1, both tech-
niques have similar circuit structures and operation
principles. ET involves a supply modulator and a PA
with a modulated RF input signal. In contrast, EER
requires a supply modulator and a switching PA with a
constant-envelope RF signal containing only the phase
information. By modulating the supply voltage of the
PA according to the output power level, the internal
power consumption is minimized at all power levels
and the efficiency for amplification of a modulated sig-
nal is improved. Although ET is very similar to EER,
their characteristics are quite different owing to the
input RF signals. In the case of the EER, the input is
a constant-envelope phase-modulated RF signal and it
uses a saturated switching PA. The constant-envelope
phase-modulated RF signal has a very wide band-
width, approximately ten times wider than that of the
modulated signal. Thus, the Cordic, which generates
the phase-modulated signal from the I and Q signals,
should have a similarly wide bandwidth. Regardless of
the output power level, because of the saturated opera-
tion of the switching PA and the constant-envelope
phase-modulated RF input signal, the EER system has
very low gain in low-power regions with low power-
added efficiency (PAE). It also has a severe power leak
problem at low power. Besides, the output power is pro-
portional to the drain voltage and is highly sensitive
to the supply voltage. Therefore, its linearity is directly
related to the supply voltage linearity, which is rather
poor. The synchronization between the constant-enve-
lope phase-modulated RF signal and the modulated
supply voltage should be very accurate. Otherwise, the
signal can be distorted. However, the ET PA employs a
modulated RF input signal and can use the same lin-
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ear PA as in the conventional case for linear operation.
Therefore, although the efficiency can be slightly lower
than that in EER, all the other problems of the EER sys-
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tem are mitigated. Moreover, this ET structure is more
suitable for amplification of wideband signals than the
EER. Figure 2 shows the voltage and current waveforms
and load lines of a class-A PA, class-B PA, and class-B
ET PA. The black solid lines represent the case of maxi-
mum linear output power (Poutmax), and the gray solid
lines represent the case with output power (P, that is
one-quarter of Poutmax (6 dB lower P,,). In this figure,
zero knee voltage and uniform transconductance (g,,)
are assumed to simplify calculation. When the class-A
PA delivers 1/4 Pout.max, its dc power consumption does
not change and its efficiency is significantly degraded
by the fixed V. and I;. For the class-B PA, I;. decreases
as P, decreases, but V. is fixed. Its efficiency decreases
much slower than that of the class-A PA because of the
decreased I, which is proportional to the square root
of P, For the class-B ET PA, V. is modulated by the
supply modulator and 4. is automatically controlled by
the class-B bias. Therefore, its efficiency is constant for
the entire output power range. Under the assumption
of zero knee voltage and an ideal supply modulator,

P out

7 | Pou T
= U. = — —_— = = 1
1 0 5 Pout.maxl " 4 pout.max ! e 4 ( )

Figure 3 depicts the efficiencies of the three PAs accord-
ing to P, for ideal case of Vinee =0. The class-B ET
PA has efficiency of 78.5% for all output power range
by tracking peak efficiency points of the class-B PA.
When the knee voltage is one-tenth of the maximum
V4o the efficiencies of the class-A and class-B PAs are

IMS Special Issue May 2013



A
)
i
—_ )
3 :
> |
o 1
= [}
0 !
° I
= )
L 1
i
i
0.5 Pout.max | Pout.max :
1 1 :
Qutput Power (Linear Scale)
A
1
i
— 1
& i
- i
[&] [}
= [}
Qo !
o I
= |
L |
|
V4 sSweep !
(0-2 Vdc.max” Vdc.max) E
out.max :

v

Output Power (Linear Scale)

Efficiency curves of class-A PA, class-B PA, and
class-B ET PA for Vipee = 9/10 Ve max-

nine-tenths of that in the case with zero knee voltage,
and the efficiency of the ET PA decreases with P, due
to knee voltage, as shown in Figure 4.

Envelope Shaping

Generally, envelope shaping is an important tech-
nique to improve linearity, efficiency, and/or reduce
the burden on the supply modulator. When the sup-
ply voltage to the PA is lower than the knee voltage,
its nonlinear output capacitance increases suddenly,
and the PA shows strong nonlinear characteristics by
AM-AM and AM-PM distortions [16], [21]. To solve
this problem, several envelope shaping functions have
been proposed in [8], [9], [13], [14], and [18] in which
the supply voltage is greater than the knee voltage. As
shown in Figure 5, the shaping functions can be clas-
sified into five types (including the no-shaping case).
Shaping function #1 clips the envelope to avoid volt-
ages lower than the knee voltage. This abrupt curve
expands the bandwidth of the envelope signal, but the
AM-AM characteristic of the PA is not good. Shap-
ing function #2 adds an offset voltage to the original
envelope signal, and this operation does not change
the bandwidth of the envelope signal. If the knee volt-
age is constant through the entire operating region,
the offset voltage, which is equal to the knee voltage,
removes the output voltage swing into the knee region.
Shaping function #2 shows much better linearity and
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a slightly lower efficiency than shaping function #1.
Shaping function #3 considers variations in the knee
voltage and optimum efficiency. It shows intermediate
characteristics between shaping functions #1 and #2.
Shaping function #4 is different from the other func-
tions: it reduces the bandwidth of the envelope sig-
nal for supply modulators with reduced bandwidth
specifications [18]. Its disadvantage is lower efficiency
and worse linearity than shaping functions #2 and #3.
A summary of these envelope shaping functions is
shown in Table 1.

Supply Modulator

For ET, the envelope signal from a modem or an enve-
lope detector should be amplified and supplied to the
drain of the PA. The supply modulator, which ampli-
fies the envelope signal, should have a large band-
width, larger than the envelope signal bandwidth,
as well as high efficiency across this bandwidth. The
bandwidth of the envelope signal is a few times wider
than the bandwidth of the modulated signal, and it is
not an easy task to amplify a wide-bandwidth signal
with high efficiency. The hybrid switching amplifier
(HSA) is the most popular supply modulator.

Structure of Supply Modulator

The HSA is a combination of a switching amplifier and
a linear amplifier (Figure 6). In this architecture, the
switching amplifier provides the required current as
a slave amplifier, while the linear amplifier accurately
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TABLE 1. Summary of envelope shaping functions.

No Shaping Shaping #1 Shaping #2 Shaping #3 Shaping #4

generates the required volt-
age as a master amplifier and
compensates for the ripple cur-

Efficiency Very high Very high High
Linearity Bad Not bad Very good
Envelope’s BW No change  Wider BW No change
Complexity Very simple  Very simple  Very simple

High-Efficiency
Switching Amplifier T

Wideband

SW |

Figure 6. Simplified architecture of the HSA supply
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Figure 7. Schematic of linear amplifier.
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Figure 8. Discharge curve of Li-Ion battery.
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rent of the switching amplifier.
Usually, the switching ampli-
fier supplies the low-frequency

Normal

component of the envelope
Reduced BW signal with high efficiency, and
Very complex the linear amplifier provides

the other high-frequency com-

ponent with high speed. Since
most of the power of the envelope signal is located at
a low frequency, this architecture is suitable for wide-
band operation with high efficiency. The switcher is
hysteretically controlled by the current flow from the
linear amplifier. When the linear amplifier supplies a
current, the switcher is turned on and vice versa.

The wideband linear amplifier operates as a
voltage-controlled voltage source (VCVS). That is,
the output voltage of the linear amplifier is the
same as its input voltage owing to its high gain,
wide bandwidth, and negative feedback loop. As
shown in Figure 7, a folded-cascode operational
transconductance amplifier (OTA) with a high gain
is used as a linear amplifier to achieve a large band-
width and high dc gain. For large-current-driving
capabilities and rail-to-rail operation, the output
buffer has a common-source configuration, and it
is biased for class-AB operation, which affords lin-
earity and efficiency.

The switching amplifier operates as a depen-
dent current source. The direction of current flow
through the linear amplifier is detected and used
to control the switches using a hysteretic compara-
tor. Generally, the average switching frequency is
dependent on the hysteresis width, inductor value,
and some other parameters for a narrowband signal.
As introduced in [13], the switching frequency can
be expressed as

_ Rsen Vout(Vdd - Vout)
Jo = T AV NL Vi @

where Vg, Viys Reen, and N are the supply voltage, the
hysteresis voltage of the comparator, the current-to-
voltage ratio, and the current sensing ratio in the sens-
ing unit, respectively.

For a wideband signal, the average switch-
ing frequency is mainly determined by its band-
width. However, higher switching speeds reduce
the efficiency. Thus, the switching speed should be
optimized according to the signal bandwidth. As
shown in (2), the switching speed can be easily con-
trolled by adjusting the hysteretic value. The sizes
of the power switches are determined by consider-
ing the conduction loss and switching loss at the
specific load resistance, switching frequency, and
duty ratio.

IMS Special Issue May 2013
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Figure 10. Microphotograph of the fabricated boost-mode
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Figure 11. Measured efficiencies of the 5-V-boosting
envelope-tracking PA for LTE applications.

Boost-Mode Supply Modulator

Figure 8 shows the output voltage characteristics of a
lithium-ion (Li-ion) battery. When it is fully charged,
the battery voltage is nearly 4.2 V, but as it discharges,
the voltage drops gradually to below 3.2 V and drops
very fast thereafter. Since the PA should transmit the
required output power (P, min) under any circumstance,
it should be designed for the worst case, i.e., a nominal
battery level (Vppmin) of 34 V. For a higher voltage, it
will transmit more than the minimum required, thus

IMS Special Issue May 2013
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Figure 12. Simulated average switching currents for LTE,
WCDMA, and EDGE signals. The switching currents

are normalized as 640 mA. The PDF of each signal is also
depicted as a function of switching current (= Vi, = Rjgaq)-

wasting power. To simulate the practical operation envi-
ronment of the ET PA, where the modulator is directly
connected to a battery, a boost-mode hybrid switching
supply modulator is introduced in [12]. As shown in
Figure 9, the boost converter is only employed for the
linear amplifier, while the buck converter is directly
connected to the fluctuating battery. By boosting the
supply voltage of the linear amplifier to a fixed 5 V
regardless of the battery voltage variation, it provides a
maximum supply voltage of 4.5V to the PA, considering
the 0.5-V drop across the modulator. The linear ampli-
fier then operates with a boosted supply voltage and can
regulate the load. The PA can be designed for operation
at 4.5V and can also realize good performance over the
entire battery voltage range. The efficiency degradation
due to the boost converter is minimal because a major
part of power is generated by the switching amplifier,
and the linear amplifier provides a small portion. The
boosted voltage operation reduces the current level and
directly results in a smaller die size and routing loss,
which means lower cost and higher efficiency. There-
fore, the boosted supply modulator may be an ideal
power-management integrated circuit (PMIC) for a
power amplifier.

The efficiency of the boost-mode supply modulator
is expressed as follows:

Boost = 5V IBoost (3)
oost —
VBattery -1 BatteryBoost

. — M
NLinear = 5 V- IBoost (4)

VLoad . ILoadBuck (5)

NBuck =
VBattery -1 Battery Buck

IEEE microwave magazine

73



graph for a 1-W supply modulator with

Vv, a chip size of 2.6 mm X 1.7 mm including

DD
T all pads.
Vs °—|[IIM11 The efficiency variation with the
M7 i ImVE! battery voltage is shown in Figure 11.
_] / Veont . g ..
BIAS 7 There is no significant degradation in
v, M1, ?"2 E||—°V, o Vo V-l efficiency with changes in the battery
N
I ID16 D2 n Converter voltage. The maximum efficiency of the
! D6 HM10 modulator is 76.8% at 3.6 V. The imple-
M9 j' '[: M15 M16 ICONT . . P
Io4 mented ET PA achieves the maximum
M3 J——[-M5vie F_—”:l M4 M13 M14 t‘ M12 efficiency of 32.3% with 25.8 dBm output
= K - K - 1 power at a battery level of 3.6 V [12].

Multimode Supply Modulator

Multistandard signals have different
PAPRs and bandwidths. Therefore, for MM opera-
tion, the transmitter should be adapted to the char-
acteristics of each standard [13], [22]. Figure 12 shows
the probability density function (PDF) and a plot
of the efficiency of the supply modulator verses the
Supply voltage 3.3V switching current. The modulator should have an
optimum efficiency at different switching currents
for various envelope signals. As shown, the supply
modulator can regulate the amount of current from
Peak efficiency 89% the switcher according to the input signal’s PAPR
through the sensing and comparison mechanism so
that the optimized efficiency profiles are achieved for
EDGE 2.12 MHz different PAPR signals.

The switching frequency of the modulator is gener-
ally proportional to the signal bandwidth, and switch-
m-WiMAX 3.75 MHz ing at higher frequencies generates higher switching
loss. Therefore, the switching frequency should be

Figure 13. Schematic of the programmable hysteretic comparator.

TABLE 2. Performance summary of multimode

supply modulator.

Parameters Values

Output voltage range 0.3-3V

Output RMS current 0-750 mA

Worst case GBW 120 MHz

fou WCDMA 2.88 MHz

EDGE 20 mV - : : .
optimized according to the signal bandwidth. How-

Viys WCDMA omv ever, the modulator design parameters are fixed for
m-WiMAX 0mv a certain application. For a modulator optimized for

wideband signals, narrower-band signals will result
in an excessively high switching frequency and high
TABLE 3. Overall performance summary of ET PA. switching loss. Therefore, the modulator should be
designed for a large-bandwidth signal, and the switch-
ing frequency should be lowered using variable hyster-
etic values for a narrower signal. To vary the switching

Overall
Application PAPR BW  7S.M P, Gain PAE

EDGE 35dB 384 84% 278 294 453% frequency according to the input signal bandwidth,
kHz dBm dB the programmable hysteresis operation is performed
WCDMA 24dB 384 84% 29 278 46% using the cir.cuit shown in. Figure 13 [13]. It consist.s
MHz dBm  dB of a conventional hysteretic comparator and a posi-
tive feedback control circuit. The additional feedback
m-WiMAX 8.6 dB 5MHz 75% 239 279 34.3% control circuit regulates the currents through M15 and
dBm dB Mié6. This has the effect of scaling the size of M5 and
M6, which determine the amount of positive feedback.
Vioad - (ILoadLinear + ILoadBuck) If it is assumed that the device sizes of M3, M4, M5, and
Toverall = 37 ery - (IpatteryBoost + Iattery Buck) M6 are the same, the effective positive feedback factor
= (1 — @) 17Boost * MLinear + O  NBuck, 6) is given by
where o is defined as the ratio of the dc current o =Los +K-Icont (7)

. " Isias — K- Icont
consumption from the buck converter (IpatteryBuck) to

the total dc current consumption from the battery K = (W/ L)13/14 )
(IBatteryBoost + IBatteryBuck). Figure 10 shows a die photo- (W/L),
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The hysteresis voltage is expressed as

Ip1as K- Icont
Viyst = . . 9
= A 1y Cod(W/L),  Inias )

With a linear voltage (V)-current (I) converter,
Viyst 18 linearly proportional to Veonr with £10 mV/V.
Table 2 summarizes the performance of the MM sup-
ply modulator. The overall performance of the ET PA is
also summarized in Table 3.

Envelope-Tracking Power Amplifier

for Base Stations

Many studies have been conducted on ET PAs for base
stations [23]-[25]. Since the ET PA is based on the inter-
lock operation of a supply modulator and a PA, its two
parts should be considered as an integrated whole
for optimization of performance. However, previous
studies have focused on the PA or supply modulator
separately. In this section, we describe the fundamental
operation of an ET PA for a base station and methods
for improving the efficiency of the ET PA that are based
on the interlock operation.

95

o {[Frequency[ Efficiency
: : H { 500 KHz | 94.1%
4 4 MHz 90.2%
10 MHz 86.5%

Efficiency (%)

1
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PDF and PGD of the WCDMA signal with
peak-to-average power ratio of 9.8 dB.
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Guideline for Optimization of ET PA
The HSA is the most popular supply modulator archi-
tecture; its fundamental operation was described in
the previous section. The modulator is usually based
on discrete components; however, some integrated
modulators have been reported [26]. In advanced
wireless communications, the envelope signal of the
supply modulator must have a wide bandwidth and
high PAPR to handle large volumes of multimedia
data. To properly amplify the envelope signal with
high efficiency, the switching stage supplies a quasi-
constant current with high efficiency and the linear
stage compensates for the error signal of the switcher
by generating a sourcing current and a sinking cur-
rent. The switching speed of the modulator follows the
bandwidth of the envelope signal, and the efficiency of
the switching stage decreases with an increase in the
switching speed. Therefore, the overall efficiency of
the modulator is also low for a large-bandwidth signal.
Figure 14 shows the efficiency of the switcher versus
the switching frequency. For the common operation of
an HSA for a 20-MHz-bandwidth signal, the switching
frequency is approximately 10 MHz and the efficiency
is approximately 86%. To maintain high efficiency
in the switching stage, the switching speed should
be kept very low regardless of the bandwidth. The
switching speed can be controlled by varying the hys-
teretic value of the hysteresis comparator. For a high
hysteretic value, the switching speed can be reduced
to several kilohertz with over 95% efficiency, and the
overall efficiency of the modulator is also improved.
For ET, the PA is operated at a different drain bias
voltage. Owing to the output capacitance variation, the
PA cannot be matched across a large voltage range.
Therefore, the efficiency of the PA should be opti-
mized for the drain bias voltage at the highest power
generation point. The average efficiency of the supply-
modulated PA depends on the PDF of the complex-
modulated input signal as follows:

w
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N
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1

Shaped Curve

AN
Offset. "\

Voltdge  Unshaped Curve
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Envelope shaping function for base station ET PA.

IEEE microwave magazine

75



3.0
Supply Current
by Linear Stage
Wasted Sinking
Current

Envelope
Current

N

Switch

1.5 Current

Current (A)

0.0 T T T
5.0 55 6.0 6.5 7.0
Times (us)
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In this equation, the power-generation distribution
(PGD) is the product of the PDF and the output power.
As shown in Figure 15, the point is significantly higher
than the maximum PDF point because of the large
power factor. Therefore, the PA should be designed for
the highest efficiency at the maximum PGD point to
obtain the highest efficiency overall [25].

Efficiency Enhancement Through Interlock
Operation

For the ET PA, the envelope is the only element con-
necting the supply modulator and the PA. Because the
envelope signal is the output waveform of the supply
modulator and is also the drain bias of the PA, the
envelope should be properly shaped to obtain the best
performance from the ET PA. As we described in the
previous session, we have found the shaping function
that provides the best performance (Figure 16). The
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5 121
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Output current waveforms with different
minimum load currents.
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PAE and gain characteristics of the ET PA for
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knee voltage of a GaN power transistor for base-station
applications is approximately 5 V and the offset volt-
age should be greater than this. Thus, we can deter-
mine the minimum output envelope voltage above it
and draw the shaping curve by softly following the
linear envelope. When the offset voltage is larger, the
efficiency of the supply modulator increases because
the PAPR of the signal is reduced but the modulator
supplies more than enough power for the PA. Thus, the
efficiency of the PA is reduced. The detailed shape of
the curve was decided by experiments since a simula-
tor for the total ET system is not yet available.

The efficiency of the ET system can be enhanced by a
proper interlock operation: we introduce two efficiency-
improving techniques for base-station applications. The
supply modulator is an ideal voltage source supplying
the current required by the PA, which is determined
by the RF input signal of the PA together with the gate
dc bias. The switching stage in the supply modula-
tor cannot supply a wideband envelope current and
operates as a quasi-constant current source. The lin-
ear stage sources the insufficient current and sinks the

1.0 —00 090900000000 009 =
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0.8 {Maximum
PAE Shape
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RF input shaping functions.
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overflowed current, as shown in Figure 17. The over-
flowed current goes to the ground and is wasted. Instead
of wasting the current, it can be redirected to the PA and
utilized for amplification, which we call utilization of
the sinking current (USC) [27]. For this purpose, the
gate bias of the PA should be changed from deep class
AB to class A. In this case, the quiescent bias current of
the PA increases proportionally with the gate bias and
the minimum load current of the modulator increases,
reducing the sinking current. Figure 18 shows the load
currents and switch currents versus the minimum load
current required for the PA. When the minimum bias
current of the PA is changed from 0.6 A to 1.2 A, most of
the switch current flows to the load without any sinking
current. Thus, the sinking current is delivered to the PA
and utilized for RF amplification.

The other method for increasing the efficiency of the
ET PA is RF input signal shaping (RFIS). ET PAs usu-
ally employ a modulated RF signal for the input to the
PA. The modulated RF signal cannot saturate the PA
uniformly over all power levels because of nonlinear
and C characteristics. Therefore, the PA cannot deliver
maximum efficiency for all drain biases using the mod-
ulated RF input signal, as shown in Figure 19. To solve
this problem, the RF input power should be increased at
low power levels to push the device into high-PAE oper-
ation. Figure 20 shows the optimum input shaping curve
to achieve the maximum PAE of the PA; this shaping can
be implemented easily by a signal generator. This effi-
ciency enhancement method is effective for a high-gain
PA because the gain is compressed significantly.

An ET PA was implemented at 889 MHz by employ-
ing the USC and RFIS techniques and was tested using
LTE signals with a bandwidth of 5 MHz and a PAPR
of 6.5 dB. A saturated PA [28] was designed using a
Cree CGH40045 GaN high-electron-mobility transis-
tor (HEMT), with the optimized PAE at the maximum
PGD point. The supply
modulator was built
using discrete compo-
nents for the best perfor-
mance. Table 4 shows a
performance summary
for the ET PAs. To uti-
lize the wasted current
for amplification of the
signal in the PA, the gate

. . V,
bias was increased from 2

TABLE 4. ET PA performance at 889 MHz with the
interlock techniques.

PAE (%) DE (%) P, (dBm) Gain (dB)

Conventional 53.18 54.16 39.57 17.46
uscC 56.77 57.63 40.00 18.26
RFIS 58.76 60.21 40.14 16.19
10
0 4
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= | Linearization
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0 40

—50

088 089 090 091 092
Frequency (GHz)

0.86 0.87

Figure 21. Measured LTE spectra before and after DPD
linearization.

PAE improved by an additional 2% from the USC
case. Thus, the proposed ET PA improved the PAE by
5.5% compared with the conventional case. Through
linearization using the digital pre-distortion (DPD)
techniques [29]-[30], the ET PA can be linearized
properly to deliver an output power of 40.00 dBm
with a PAE of 58.35%. The adjacent channel leakage
ratios (ACLRs) at 7.5 MHz and 12.5 MHz offsets were
reduced to below —45 dBc (Figure 21), which satisfies
the linearity specification of the LTE system.

32 V to —25 V. The é
2.5 V. The result is that

the PAE was improved

by 3.59%; the gain and
output power were also

Power Stage

VCC
Broadband
Low-Q Matching ———O RF,;
Network
Power Stage
(a)
RF,: #1
Fixed Matching Power/Frequency Path Selection out
— Reconfigurable [ —O
Network #1 Network #1
Network #1
Fixed Matching ngevfg/niirel?;ir:gy Path Selection | RFout #2
Network #2 || 9 Network #2 O
Network #2

improved. Additionally,
the RFIS method was
adopted for the interlock

operation. As a result, matching network.
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(b)

Figure 22. (1) MB PA with broadband matching network. (b) MB PA with reconfigurable
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TABLE 5. LTE and UMTS (FDD) frequency allocations

LTE and UMTS (FDD)

Uplink Range Downlink
Band (MHz) Range (MHz) Main Region(s)

Band 1 1,920-1,980 2,110-2,170  Europe, Asia

Band 2 1,850-1,910 1,930—1,990 Americas (Asia)

Band 3 1,710-1,785 1,805-1,880 Europe, Asia

(Americans)
Band 4 1,710-1,755 2,110-2,155  Americas
Band 5 824-849 869-894 Americas
Band 8 880-915 925-960 Europe, Asia

TABLE 6. LTE (TDD) frequency allocations

LTE (TDD)

Frequency Range

Band (MHz) Main Region(s)

Band 33 1900-1920 Europe, Asia (not Japan)
Band 34  2010-2025 Europe, Asia

Band 35  1850-1910 Americas

Band 36 1930-1990 Americas

.

~

~
.

by

TABLE 7. GSM, DCS, and EDGE frequency allocations

GSM, DCS, EDGE

Frequency Range

Band (MHz) Main Region(s)
GSM850  824-849 Europe, Americas
GSM900  880-915 Europe, Americas, Asia
DCS1800 1710-1785 Europe, Americas, Asia

Envelope-Tracking Power Amplifier

for Handsets

MM/MB PAs enable worldwide global roaming for
mobile handsets, which has become an important issue.
PAs based on GaAs heterojunction bipolar transistors
(HBTs) show good performance not only in terms of
efficiency but also linearity owing to their high break-
down voltage and low knee voltage characteristics.
Many studies on ET PAs for handsets have been carried
out using such HBTs. The supply modulator for ET is
generally implemented at a CMOS foundry. Therefore,
the GaAs HBT PA is in conjunction with a CMOS supply
modulator on the PCB, composing a hybrid structure.
Recently, many researchers have turned their attention
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Figure 23. (a) Measured performance of ET PA at 1.7—

2 GHz for a 10-MHz-bandwidth 16-QAM 7.5-dB PAPR
LTE signal. (b) Measured performance of ET PA and
stand-alone PA for a 3.84-MHz-bandwidth 3.5-dB PAPR
WCDMA signal at 1.7-2 GHz, and the maximum output
powers are 30.1 and 28.1 dBm, respectively. (c) Measured
performance of ET PA and stand-alone PA for EDGE
signals at output powers of 28 and 27 dBm, respectively,
at 1.7-2 GHz.

to the development of CMOS-based linear PAs, which
can be co-integrated with the supply modulator on the
same die for a one-chip solution.

The boosted supply modulator structure, which
was explained in the “Boost-Mode Supply Modula-
tor” section, has many advantages for use in a PMIC.
The ET PA has a major advantage for MM/MB opera-
tion since MM and MB can be handled separately; that
is, the MM operation is provided through the MM
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supply modulator [12], [22] as

described in the “Multimode 45 5
Supply Modulator” section, 0 1 Gain PAE EVM ACLR (1.70 GHz) F o
h the MB ton i + | —o——e—-o- - Gain PAE EVM ACLR (1.85 GHz) .t
whereas the operation 18 1 | ~a-—a—-a- . Gain PAE EVM ACLR (2.00 GHz) oot
handled separately by the PA 3 354 /oL 5
without considering the MM g | | PAE_Stand-Alone PA (1.70 GH2) al
. 5 S ]| PAE_Stand-Alone PA (1.85 GHz)| |, >
operation. These concepts are @ 307 . pAE Stand-Alone PA (2.00 GHz)| /; S0 o
addressed in the next section = 1 T an o)
. . ¥ 254 [a-o-of—15 [
with the ET operation. For o “2ER=R £
enhanced efficiency in a back- g O
off region, the use of a PA with = r %
; F—25 o
a tunable load is the most e &
= L
popular approach when using g L _30
a handset PA without a sup- L
ply modulator. A PA with a NE —-35
tunable load can be combined I 40

with a supply modulator to
achieve great improvement
in efficiency over the entire
back-off power region.

Average Output Power (dBm)

Measured performance of the dual-power-mode ET PA with 16-QAM

7.5-dB PAPR LTE signal across the average output power.

Multimode Multiband

Power Amplifier with

Envelope Tracking

Tables 5-7 show the LTE, UMTS (WCDMA), GSM,
and EDGE frequency allocations. As you can see
in the tables, the signals are intensively distributed
over both a high-frequency band (1.7-2.0 GHz) and
a low-frequency band (820-915 MHz). For the MM/
MB operation in the ET system, the PA should cover
the high- and low-frequency bands and the supply
modulator should properly handle the MM signals
[13]. There are two types of MB PAs. One is the broad-
band-matched PA using a low-Q network, as shown in
Figure 22(a). The output matching network comprises
a broadband fundamental impedance matching cir-
cuit, second-harmonic tune circuits, and a third-har-
monic tune circuit to maximize the efficiency [22].
PAs with this structure can deliver good efficiency

5 Low-Power Mode L High-Power Mode

P L
: Conventional Class-AB (HPM)
— : LPM of PA
: HPM of PA with ET
—=—: LPM of PA with ET

PAE (%)

Average Output Power (dBm)

PAE curves of the dual mode with ET PA.
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and linearity at high or low frequency. Owing to the
low-Q matching, the efficiency is slightly degraded as
compared with a high-Q matching network targeted
for only one band. A PA with a reconfigurable match-
ing network is another alternative for MB operation,
which can minimize the efficiency degradation using
multiple paths that are optimized for each band, as
shown in Figure 22(b) [31]. The reconfigurable match-
ing network must include two or more switches for
path selection, and the multiple paths require many
passive components. Therefore, the structure is
complex, which increases the circuit losses. For ET,
the simple structure of an MB PA with a broadband
matching network is preferred. Multistandard sig-
nals have different PAPRs and bandwidths that the
modulator should handle properly. As described
in the “Multimode Supply Modulator” section, the
switching currents are automatically adapted to vari-
ous PAPRs by the current sensing circuit and the hys-
teretic comparator in the HSA. Since the efficiency
of the modulator decreases with an increase in the
switching speed, the switching speed should be low
but still sufficiently high to handle the signal. For
an MM HSA design, the switching condition is opti-
mized for the wideband signal by determining the
required inductor value at the output of the switch-
ing stage. For a narrowband signal whose slew rate is
lower than that of the switching amplifier, this HSA
leads to an excessively high switching frequency and
poor efficiency of the switching stage. Thus, we uti-
lize a programmable hysteretic comparator, which
enables us to control the hysteresis voltage and the
switching frequency. The efficiency of the HSA is
enhanced by approximately 3% through controlling
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TABLE 8. Comparison table.

Technology Frequency Application PAPR/BW Pour PAE ACLR(ACPR)
[35] HBT GaAs  2.535GHz LTE 6.6 dB/20 MHz ~ 29* 4300* ACLR1 s’ —49 dBc*
[36] 0.18-um 1.85GHz  WCDMA 3.5dB/3.84 MHz 27.8 45.8% ACLR1y1ra2: —33 dBc

CMOS
MMMB HBT GaAs 1.7-2.0 GHz LTE 7.5 dB/10 MHz 28 dBm  33%-39% ACLRe.yrga": =35 dBc
ET PA
22] WCDMA 3.5dB/3.84 MHz 30.1 dBm 40%-46%  ACLRIra’ —35 dBc

EDGE 3.5dB/384 KHz 28 dBm  37%—42% ACPR® : —63 dBc (@600 kHz)
Dual HBT GaAs 1.7-2.0 GHz LTE 7.5 dB/10 MHz 10dBm  10.2%—11.3% ACLRgra': —34.5 dBc
Power
Mode ET 18 dBm  24.5%—28.4% ACLRgymra's —34.5 dBc
PA [32]
27 dBm  34.29%-39.5% ACLRa: —33.1 dBc

CMOS ET 0.18-um 1.85 GHz LTE 7.5 dB/10 MHz 26 dBm  33.5% ACLRe.yrga": —32.5 dBc

PA[34] CMOS

'LTE specifications: ACLRg.yrra < =30 dBc, ACLR1y1za< —33 dBc
2WCDMA specification: ACLR1rga< —33dBc

*EDGC specification: ACPR < —60dBc

“with DPD
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Figure 26. Measured performance of the CMOS ET PA
with 16-QAM 7.5-dB PAPR LTE signals.

the hysteresis voltage of the EDGE signal. Figure 23
shows the measurement results for an MM/MB ET
PA. The graphs show that the measured results sat-
isfy the specifications for each signal standard with
good performance [22].

Back-Off Efficiency Enhanced ET PA

To enhance efficiency in a back-off power region, the
use of a PA with a tunable load is the most popular
approach in handset applications. A boosted supply
modulator can be implemented to further improve the
efficiency in all power ranges. Figure 24 shows the con-
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ceptual curve of the PAE for a dual power-mode ET PA.
In a recently reported paper, it was shown that a dual-
mode PA can be operated as an MB PA and can realize
good performance at high frequencies of 1.7-2.0 GHz
[32]; the performance graph is shown in Figure 25. This
structure is promising for handset PA applications.

CMOS ET PA

The conversional ET PA based on GaAs HBTs has
a hybrid structure. However, by utilizing a CMOS-
based linear PA, the CMOS supply modulator can
be co-integrated on the same die, thus reducing the
size and cost of the handset PA. However, it is not
an easy task to replace the conventional GaAs HBT
PA with a CMOS PA. CMOS has several defects
compared with GaAs HBTs. The three major prob-
lems are the low breakdown voltage, lack of sup-
port of ground vias, and high substrate loss. Many
research efforts have been devoted to overcoming
these problems, and recently, highly linear CMOS
PAs have started to appear in the market. Recent
papers on CMOS PAs [33] and ET PAs [34] show
that a highly linear PA can be achieved by using
CMOS. The performance parameters of the devices
reported in these papers are compared in Figure 26.
With advanced design techniques, further perfor-
mance improvements may be possible by replacing
the GaAs HBT PAs.
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Summary

The ET technique is designed to efficiently amplify a
modulated signal with high PAPR through drain-bias
modulation. The drain bias follows a shaped envelope of
the modulated signal. For this purpose, we need a highly
efficient supply modulator with a wide bandwidth. The
ET PA achieves high efficiency for amplification of a sig-
nal with a large PAPR. Moreover, it is quite flexible for
MM and MB operations. The supply modulator itself
is an ideal PMIC for PAs. Therefore, the ET technique
is quite a powerful tool for both base-station PAs and
handset PAs. As the technique develops further, it will
be widely employed in PAs for next-generation systems.
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