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Abstract—The efficiency of power amplifiers (PAs) with a small
output power (P oy ) for short-range wireless sensor networks is
limited by the loss in matching networks. To achieve high efficiency,
a new design method which calculates the complicated design pa-
rameters in a class-F PA with a merged filter and matching net-
works is proposed. The design method provides a new quantitative
conclusion that reducing both the power supply voltage (Vpp)
and the impedance transformation ratio increases the efficiency of
a PA with a small P g yr. Using this result, a dual-V scheme is
realized to increase the efficiency of a transmitter (TX). AtaP oyt
of —20 dBm, compared with the conventional single-V 1 scheme,
the drain efficiency (DE) of the PA and the global efficiency (GE) of
the TX with the dual-Vpp scheme are increased by factors of 2.1
and 1.5, respectively. A PA fabricated by a 40 nm CMOS process
achieved a DE 0f42% ata PoyT of —17 dBm. The TX with the PA
achieves the highest GE of 28% at a PouyT of —20 dBm and the
lowest energy of 36pJ/bit (= 36 W @1Mbps with on-off keying)
among the published results for TXs.

Index Terms—Dual power supply voltage, high efficiency, low
power, low voltage, matching networks, power amplifier.

I. INTRODUCTION

IRELESS sensor networks comprise a large number of

small sensor nodes distributed throughout the home, in
buildings, or in cities. The sensors continuously monitor and
sense the activity of people, the temperature, and the humidity,
and the measured data are transmitted and received by each
sensor node via short-range wireless communication (e.g., 1-10
m). In such a system, the sensor nodes have the potential to op-
erate autonomously using energy harvested from the environ-
ment via solar cells or thermoelectric generators, because the
cost of maintaining and supplying power to a huge number of
sensors is preventing the commercial realization of such sys-
tems. For autonomous operation, one of the challenges is the
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severe constraint of the power consumption of the transmitter
(TX). The huge power consumption of the power amplifier (PA)
is one of the critical problems in TXs. Therefore, in this paper,
we report the development of an ultralow-power TX with a
highly efficient PA having a small output power (Poyr) for
short-range wireless communication.

In the target application, each node operates as a router and
configures an ad hoc network with symmetrical communication.
The power consumption (Ptorar) of the TX and the receiver
(RX) should be equalized in symmetrical communication. In
this study, the target communication distance is 1 m and the
data rate is 1 Mbps with modulation by on-off keying (OOK)
in the 314 MHz band of the ARIB STD-T93 radio communica-
tion standard of Japan. The pass loss is assumed to be 25 dB and
the typical TX/RX antenna loss is 5 dB in the 314 MHz band.
A loss of 35 dB and an RX sensitivity of —55 dBm [1] specify
the target PouT of the TX as —20 dBm. In addition, Prorar
for the TX should be less than 38 ;W [1] owing to the sym-
metrical communication. This means that the global efficiency
(GE = Poutr/ProTaL) of the TX must be higher than 26%
(= 10 pW /38 pW).

Fig. 1 shows the dependence of the drain efficiency (DE) on
Pour for previously reported PAs [1]-[12]. In PAs [2]-[5] for
conventional wireless communications (e.g., cell phones and
WLANSs) where the communication distance is 100 m—1 km,
Pour is +10 to +30 dBm and DE is higher than 40%. In con-
trast, in PAs [1], [6]-[8] for short-range wireless sensor net-
works where the communication distance is 1-10 m, Pt is
—20 to —10 dBm and DE is less than 30%. This implies that
the design of a highly efficient PA with a small Pyt is quite
difficult. In [1], DE and GE are respectively 20% and 16% at
a Pouyt of —20 dBm (with OOK modulation), which does not
meet the design target (GE > 26%). Therefore, the purpose
of this study is to achieve a GE higher than 26% at a Pyt of
—20 dBm.

An outline of this paper is given as follows. In Section II, a de-
sign method for a class-F PA with a small Poyr is shown with
anew quantitative analysis of the loss in the matching networks
(PuaTconivg) and the degradation of DE at a small Poyt. In
Section III, a dual power supply voltage (Vpp) scheme [13]
that reduces the power consumption of a TX is described. In
Section 1V, the measured results for a TX with the dual-Vpp
scheme having a Poyur of —20 dBm are given. In Section V,
the conclusions are given.

II. DESIGN OF PA WITH SMALL Poor

The DE of a PA with a small Pyt must be maximized be-
cause its power consumption (Ppa ) accounts for a large pro-
portion of that of a TX. However, there has been little research
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Fig. 2. Schematic of class-F PA. The up-conversion L-section, filter, and
matching networks are clearly distinguished.

on the development of PAs with a Poyr of —20 to —10 dBm,
and the degradation of DE at a small Py has not been quan-
titatively discussed. In this section, the difference between PAs
with a small and large P 7 is explained from the viewpoint of
the impedance transformation. Then, a new design method for
a class-F PA with a small Poyr (= —17 dBm!) is presented.
Finally, a quantitative discussion on reducing Pyiaroning and
increasing DE at a small Py is given.

A. Difference Between PAs With Small and Large Poyr

Fig. 2 shows a schematic of a class-F PA. The up-conver-
sion L-section, filter, and matching networks are clearly distin-
guished in this figure to clarify the importance of the impedance
transformation at a small Pyt. These three sections are finally
merged to reduce the circuit components and the loss. Vpp; is
the amplitude of the input (In) and Vpps is the power supply
voltage of the PA. Lp¢ is a choke inductor, Cp¢ is an AC-cou-
pling capacitor, Ry, is a load resistance (= 50 (2), L; and C;
resonate at the fundamental frequency (fo), and Lz and Cj
resonate at the third harmonic (3 fp). These resonators provide
high impedance at the third harmonic of the fundamental fre-
quency. The third-harmonic peaking with maximally flat wave-
forms [ 14] achieves the theoretically maximum DE of 88%. Be-
cause of their high efficiency, class-F PAs are used in many wire-
less applications.

In digital PAs (e.g., class D, E, F), the highest DE is obtained
at an appropriate load impedance (Z1x) where the power factor
is 1 (reactive power = 0). Generally, such load impedance is

'When the average Pour of a TX is —20 dBm with OOK modulation, the
maximum Pg - of the PA is —17 dBm.
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Fig. 3. Dependence of output power on Vpp2 calculated using (3). The
impedance transformation ratio (n) is varied from 0.01 to 100.

achieved by inserting matching networks. The load impedance
viewed from a transistor has to satisfy

Re [Z]N(LU())] :7L2RL
Im [Z1 x5 (wo)] =0,

)
2

where n is the impedance transformation ratio and wy is the
fundamental angular frequency (= 2 f;). When (1) and (2) are
satisfied, the Pour of the class-F PA in Fig. 2 is theoretically
given by [15]

81VD2D2(1DEAL) ~ <VDD2(IDEAL)>2 A3)

128n2R;,

where Vppo(ipeav) is the ideal Vppa without losses except for
the switching loss (Pgw) of 12%.

Fig. 3 shows the dependence of Pour on Vppe calculated
using (3) when n is varied from 0.01 to 100. DE reaches the
maximum value atn = 1 because the impedance transformation
isnotrequired atn = 1. A larger distance fromn = 1 resultsina
larger Pyiateoning and lower DE owing to the large impedance
transformation. In the typical PA design with a PoyT of +10 to
430 dBm, a higher-Vpp2 design is effective for reducing n and
PuyiaTcming while it may have the problem of breakdown in
the power transistor. On the other hand, the PA design with a
Pour of —17 dBm in this study is different from the typical
PA design with a large Poyr. To reduce n at a small Poyr, a
lower-Vppe design is preferable. The ideal Vppe at a Pour
of —17 dBm is 0.04 V while conventional PAs with a small
Pour [1], [6]-[8] have been designed with a Vpp of 0.5-1.0
V. This difference in Vppo between the ideal value and that in
the conventional designs increases PyiaTcming, thereby DE is
reduced. To achieve a highly efficient design for a PA with a
small PouT, in this section, the dependences of Pyiarcuing
and DE on n are quantitatively analyzed.

Povr =

T

B. Design Method for Class-F PA With Small Pour

PAs (class A, B, C, E, F) intrinsically have an up-conver-
sion L-section topology comprising Lpc and Cp¢ as shown in
Fig. 2. The up-conversion L-section topology transforms Ry, (=
50 Q) to @Ry, (e > 1). Therefore, in conventional class-F PAs
[16]-[18] with a large Poyr, a down-conversion impedance
transformation is required and Zyxy must be transformed from



2980

Filter with matching networks
34 R,

(@)

~ Out
N

2.2

1)
I_pL,, =Ly [1+?J§
R, =Ry, (1+Q°) :

(b)

Fig. 4. Schematic of class-F PA with merged filter and matching networks.
(a) Block diagram. (b) Detailed schematic.
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Fig. 5. Proposed design method for class-F PA with small Pour.

alRy, to a lower value (e.g., 10 ). In contrast, for PAs with a
small Potur, Zin should be transformed to a higher value (e.g.,
250 £2). This indicates that the appropriate impedance transfor-
mation can be provided by the intrinsic up-conversion L-section
topology at a small Poyr.

In this study, a class-F PA with merged filter and matching
networks is adopted to reduce the matching components and the
loss. Figs. 4(a) and (b) respectively show a block diagram and a
detailed schematic of a class-F PA with a small Py, in which
the filter and matching networks are merged by using the in-
trinsic up-conversion L-section topology. Rp is the equivalent
series resistance of Lpc, Rp is the equivalent parallel resistance
of Rpg, Q is the quality factor of the inductors, and Cp is the
parasitic capacitance of the drain of the transistor in Fig. 4(b).

Fig. 5 shows the proposed design method for a class-F PA
with a small P, where BW is the bandwidth of the TX, A
is the channel-length modulation coefficient of the power tran-
sistor, Prgs; is the loss in the resonator consisting of L; and
C1, and Ip is the average drain current of the power transistor
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with a conduction angle of «. In this design method, the com-
plicated design parameters in a class-F PA with a merged filter
and matching networks are calculated using some approxima-
tions to reduce the complexity of the equations. Using this de-
sign method, L1, C1, Cs, Cpc, Lpc, and Vpps are determined
from the given parameters of Poyt, BW, n, A, Pgw, wg, Cp,
L3, Q,and Ry.
First, C3 is given by

1
© 9uwils

Cs “4)
because the resonator consisting of Cs and L3 should provide
high impedance at the third harmonic. In this design method, the
loss (PrEss) in the resonator consisting of L3 and Cj is neg-
ligible because Prggs is negligibly small. The third harmonic
(Ving) that corresponds to the voltage between the resonator
consisting of C3 and L3 is 9 times smaller than the fundamental
component (V) of the drain voltage [14]. This verifies that
PgrEss is negligibly small compared with Prgsi. Ls should be
chosen to easily implement the other parameters (e.g., Cpc) be-
cause L3 does not affect DE.
In Fig. 4(b), Zin (wg) without Rp¢ is written as

Zin(wo) = Cpl|Lpc||{Cpc + (Ls||Cs) + R} . (5)

Then, Cp¢ and Lpc¢ are calculated as follows by solving (5)
for the conditions given by (1) and (2) using the approximation
ofn? —1 ~ n%:

_ T2wolsz — 64\/77/2]?% — R?

© 64wo 2 — 64won?R2 + 81wiL2
nRy,

(U()(l + nngLCp) ’

(6)

ODC]

(7

LDCx

By choosing appropriate values of these parameters, Zxn is
converted to n?Ry, and a third harmonic-peaking is obtained.
Then, L1, Cq, and Prgg are given by

2rnBW R,

L, = s ®
1
) = —— 9
1 W(Q]Ll ( )
RiPour

P = 10
rESL= D OT, (10)

In the design of the PA with a small Poyr, BW can be
widened because the regulations for low-power radio com-
munication (e.g., UWB and ARIB STD-T93) are not strict
compared with those for high-speed radio communication (e.g.,
WLANS and cellular networks). The BW in the design should
be widened by a large 1.1, thereby achieving a small Prgg;.

Fig. 6(a) and (b) show respectively an equivalent circuit of the
class-F PA and another equivalent circuit including the output
resistance (rp) of the power transistor, where 14 is the drain
current in the small-signal model. In this design method, the
power transistor is modeled as a current source in the saturation
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region.2 ro and Rp in Fig. 6(b) are written as follows using the
approximation of 1 + Q% =~ Q2:

1
= — 11
o =31 (11)
nQRy,
Rp =R 1 _— 12
P pc(l+ Q%) ~ T nwoReOp (12)
V., in Fig. 6(b) is given by
I
Vin = d =nyPorrHr. (13)

(5 + 7 + )
From (13), I is given by

I, — ('rL-i-Q-i-wonanL)\/m. (14)
nQvRL(1 — aAV/PourRrL)

Then, Ip is given by

9
Ip = iId

(15)

In this design method, the dominant losses of Pgw,
Pres1, and Pyarcning, and the loss of rg in the power
transistor (P,,) are considered and estimated. These losses
change the ideal equation for Vpps given by (3). The modified
Vpp2 is given by

, Psw + Presi
Vbop2rEAL) = VDD2(IDEAL) + 1,

(16)

where Vpparear) is Vppz upon taking Psw, Presi,

Puyiarcning, and P, into consideration. In (16), the effects of
MaTcuixe and P, are included in Ip.

C. Quantitative Analysis for Reducing Pryrarcning and
Increasing DE at small Poyr

In PAs with a small PouT, Pmarcaing and the loss in the
power transistor (Pr) are the dominant losses. Therefore, the
quantitative estimation and analysis of Pyjarcming and Prgr
are required to design highly efficient PAs with a small Pyr.

2This assumption may include a small error because the power transistor oper-
ates in a large-signal mode; however, a rough estimation can be obtained from
this assumption [19]. Therefore, the power transistor is modeled as a current
source to make the design method concise. The error resulting from this as-
sumption is discussed in Section II-C.
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Fig. 10. Schematic of TX with class-F PA.

In this section, Pyviatcuing, PTr, and DE are quantitatively
estimated.

In Fig. 6(b), Pnmarconing is modeled as the loss in Rp.
The impedance transformation is carried out using the intrinsic
up-conversion L-section topology of Lp¢ and Cpc. Therefore,
the value of PyraTcuing corresponding to the impedance
transformation is given by the loss in Rp. Pty is the sum of
P., and Psw. Pyaroning and Prg in the power transistor
are calculated as follows using (14) with consideration of the
loss due to Vg (= Vi /9):

100’!LP()UT(1 + ’rLu.}()CpRL)

Prarcoing = 810 (17
P 100nA(n + Q + n*woCpRL)/PoyrRe
TR =

81@(1 — 77,)\\/ POUTRL)
+ Psw. (18)

Fig. 7 shows the simulated dependence of Pyarconing onn
and the dependence calculated using (17). Q is varied from 7 to
21, because Q for an on-chip inductor is less than 10 [19] and Q
for an off-chip inductor is less than 20 [20] in the 314 MHz band.
From (17), PmaTcuing is mainly determined by n, while it is
independent of Prr. The dependence of PyiaToning shown
in Fig. 7 shows that a larger n results in a larger PyaToHing.
When n and Q are 9.7 and 14, respectively, at a Vppo 0of 0.5V
[1], the calculated Pyarcaing is 42 W, which is 2.1 times
larger than P yt. Therefore, it is difficult to achieve a high DE
at a Vppe of 0.5 V. To reduce Pyiarcuing, @ low Vppa (:
small n), a miniaturized process (= small Cp ), and an inductor
with a high Q should be used.

Fig. 8 shows the simulated dependence of Ptr on n and
the dependence calculated using (18). The dependence of Ptr
shown in Fig. 8 shows that a larger n results in a larger Pty
while the dependence is less than that of PyraTcning. The in-
consistency of Ppg forn < 3 is next discussed. At small values
of n, Vppy is increased, and the power transistor operates in the
linear region. The modeling of the power transistor as a cur-
rent source is not valid in this region, resulting in the inconsis-
tency when n < 3. As shown in Fig. 8, upon reducing Ptr, n
should be reduced. This gives the same conclusion as that for
PviarcHiNG, @ design with a smaller n is preferable at a small

Pour.
From (10), (17), and (18), DE is given by

P T
DE ouT

(19)

Povr + Pres1 + Pyvarcuive + Prr

1
Power amplifier (PA)

Fig. 9 shows the simulated and calculated dependences of
DE on n. The agreement of the results obtained using (19)
and by simulation verifies the consistency of the proposed
design method and the discussion. For the target GE of 26%,
DE should be higher than 26% because the driver power
(PDRIVER) is included in PtoTtar. For DEs of more than
30, 35, and 40%, n should be smaller than 6.1, 4.5, and 2.9,
respectively. To increase DE at a small Poyr, a design with
a smaller n (= smaller Vppa) is essential. Hence, both n and
Vpp2 must be reduced (n = 3.4 and Vppe = 0.2 V in this
work) to smaller values than those in conventional designs
(Vopz = 0.5-1.0 V) [1], [6], [7], [9].

III. DESIGN OF LOW-POWER TRANSMITTER WITH
DUAL-Vpp SCHEME

In this section, a dual-Vpp scheme [13] is realized to maxi-
mize GE for a TX with a Pour of —20 dBm with OOK modu-
lation. In the previous section, the importance of a small n and
a low Vppo for the design of a highly efficient class-F PA was
explained. However, in the TX design with a small Poyr, the
driver power (Pprrven) is not negligible. In previous studies,
PDRIVER was 100 MW at a POUT of 20-560 ,lLVV [9], and
PDRIVER was 8.5 [I,W at aPOUT of 8 [LVV [l] Thus, PDRIVER
is comparable to Pyy. Therefore, an optimization method for
minimizing ProTar by considering Ppriver is realized for
the class-F PA designed by the proposed design method. In the
optimized design, the minimum Prgra1,, corresponding to the
maximum GE, is determined by calculating Pror41, foreveryn.

Fig. 10 shows a schematic of the TX with the class-F PA.
The carrier frequency is 314 MHz for the ARIB STD-T93 radio
communication standard of Japan and the data rate is 1 Mbps
with OOK modulation. As shown in Fig. 10, Prorar is the
sum of Ppr1ver (the power of the mixer can be neglected) and
Ppa.

In an ideal class-F PA [14], Vppi does not depend on Py
and n. However, in this optimization, Vpp; must be changed
with n. The reason for this is discussed below. I is given by
(15). Fig. 11 shows the simulated and calculated dependences of
Ip on n. As shown in Fig. 11, Ip decreases as n increases. Ip is
determined by the drive capability of the power transistor in the
PA. To control the drive capability, the design can be optimized
by a conventional single-Vpp scheme with variable W at fixed
Vpp1 (= Vppz) or a dual-Vpp scheme with a variable Vppy
atafixed W. In the previous section, it was verified that a smaller
n achieves a higher DE; therefore, a design with a smaller n is
fundamentally required to maximize GE. However, the smaller
n results in a lower Vppa, thereby Vpps is less than 0.5 V at
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(15). The inconsistency of I, forn < 3 is caused by modeling as the current
source in the linear region.

n < 9.7. This implies that the single-Vpp scheme is not suitable
for design optimization at a smaller n because the transistors in
the driver do not operate at Vpp; < 0.5 V owing to the huge
delay in the sub-/near-threshold operation. On the other hand,
in the dual-Vpp scheme, the transistors can operate at n < 9.7
because the smaller n results in a larger Vppy (>0.5 V). From
this discussion, Vppi is changed with n to control the drive
capability of the transistor to maximize GE.

Figs. 12(a), (b), and (c) show the simulated and calculated
n dependences in a TX with a Poyr of —20 dBm. Vppq,
Pporiver, Pra, and PrgTarp are calculated by [21]

V28X pVpp2+I1562+28Ip + Ipb
B(AVpps +1)

Vopusar) =Vra +

(20)
ﬁVJ_%Dz +2Ip
V. vy = Vg + —22 21
poiein) =Vri + 5oy (21)
Poriver = fCoRrivERVDDIUSAT) or (LIN). (22)

Ppa =Pouyr + Pres1 + Puarcuine + Pre (23)
24

where Vppi(gaT) is Vppi in the saturation region of the power
transistor, Vppi(r1x) is Vppi in the linear region of the power
transistor, 5 = 2, Cox W/L, 6 is a fitting parameter used to de-
scribe the degradation of mobility, Vg is the threshold voltage
of the power transistor, Cprrver is the equivalent capacitance
of the driver, i, is the mobility of electrons, W is the width of
the power transistor, and L is the length of the power transistor.
Equations (20) and (21) are selectively used depending on the
operation mode of the transistor.

Fig. 12(a) shows the simulated and calculated dependences of
Prorar, Ppriver, and Ppa on n, Fig. 12(b) shows the simu-
lated and calculated dependences of Vppi and Vppo on n, and
Fig. 12(c) shows the simulated and calculated dependences of
Cpc and Lpc on n. In Fig. 12(b), when n is reduced, Ip is in-
creased as shown in Fig. 11, then, Vpp; is increased because the
higher Ip requires a higher drive voltage (Vpps) in the power
transistor. In a similar manner, as shown in Fig. 12(a), Ppriven
is increased when n is reduced because Ppr1vEer is proportional
to Vip,.

As shown in Fig. 12(b), a conventional TX [1] with a
single-Vpp is designed with n = 8.7 and Vpp; = Vpps2 =

Prorar =Ppa + PporivER,
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Fig. 12. SPICE-simulated and calculated impedance transformation ratio (n)
dependences in TX at Pyt of —20 dBm. (a) Power consumption vs. n.
(b) Vpp1 and Vpps vs. n. (¢) Cpe and Lpe vs. n.

0.47 V. In contrast, as shown in Fig. 12(a), Prorar is min-
imized at n = 3.4, thereby GE is maximized at n = 3.4.
The corresponding values of Vpp; and Vppy are 0.56 V and
0.2 V, respectively, as shown in Fig. 12(b). Table I shows the
parameters in the conventional single-Vpp design and the
dual-Vpp design.

Fig. 12 shows the good agreement between the results ob-
tained by simulation and calculation. This shows the validity
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TABLE 1
PARAMETERS IN CONVENTIONAL SINGLE-Vpp DESIGN AND
DUAL-V 1y DESIGN

Conventional single-Vpp Dual-Vpp scheme
Vbpi 0.47V 0.56V
Vb2 0.47V 0.2V
Cpc IpF 3pF
Lpc 100nH 60nH

Fig. 13. Die micrograph and layout of TX with dual-Vpp scheme fabricated
by 40 nm CMOS process.

of the new design method for a class-F PA with merged filter
and matching networks, and that the quantitative analysis of the
losses with a small Py is consistent.

The difference between the optimization of DE and GE is
discussed. In the optimization of DE, when n is reduced from
10 to 1, Vppe is reduced [Fig. 12(b)] and Pps is reduced
[Fig. 12(a)] because PyiaTcning decreases in proportional to
n (Fig. 7); therefore, DE is maximized at n = 1. Alternatively,
in the optimization of GE as n decreases, Vpp1 is increased
[Fig. 12(b)] and Pprrver is increased [Fig. 12(a)]. When n is
reduced, Vpp; rapidly increases [Fig. 12(b)] because the tran-
sistor operation changes from the saturation region to the linear
region, thereby the corresponding Ppriver rapidly increases
[Fig. 12(a)]. Therefore, ProTar is minimized at n = 3.4
[Fig. 12(a)] and GE is maximized at n = 3.4. By considering
this trade-off between Ppy and Ppriver, the optimum n can
be decided in the dual-Vp scheme.

IV. MEASUREMENT RESULTS AND DISCUSSION

To demonstrate the advantageousness of the dual-Vpp
scheme [13], a test chip is fabricated by a 1.1 V, 40 nm CMOS
process. Fig. 13 shows a die micrograph and the layout. The
die size is 0.5 mm x 0.6 mm and the core area of the TX is
56 um x 22 ym. The measured parameters of the conventional
single-Vpp scheme and the dual-Vpp scheme are given in
Table I, and the same two resonators with the following param-
eters are used: L; = 22 nH, C; = 11 pF, Ly = 2.7 nH, and
Cs = 12 pF.

Fig. 14 shows the measured GE and Pyt for the TX in
the dual-Vpp scheme when Vppi and Vpps are varied. At
the target PoyTt of —20 dBm, the maximum GE is 28% at
Vpp1 = 0.56 V and Vpps = 0.2 V, which corresponds to the
simulated results in Figs. 12(a) and (b). These results show that
the dual-Vpp scheme and the design optimization (n = 3.4)
achieve the highest GE at a Py of —20 dBm.

Fig. 15 shows the measured output spectrum of the TX. The
314 MHz carrier is modulated with 1 Mbps OOK modulation.
The measured Pyt of —20 dBm satisfies the ARIB STD-T93
radio communication standard of Japan. The spectrum mask is
satisfied as a result of the low Pyt even with the larger har-
monics owing to the operation of the power transistor in the
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Fig. 15. Measured output spectrum of the TX. The 314 MHz carrier is modu-
lated by 1 Mbps OOK.

linear region. In addition, the robustness against spectrum dis-
tortion can loosen the ripple requirement of DC-DC converters
to generate Vppz in the dual-Vpp method.

Figs. 16 and 17 show the measured dependences of DE
and GE on Py, respectively. The conventional single-Vpp
scheme and the dual-Vpp scheme are compared. In the
single-Vpp scheme, Vpp; is equal to Vpps and Vpp; is
varied. In the dual-Vpp scheme, Vppi and Vppe are varied
according to the optimum Vpp; and Vpps shown in Fig. 14.
At the target PoyT of —17 dBm for DE and —20 dBm for GE,
DE and GE for the TX with the dual-Vpp scheme are 2.1 and
1.5 times higher than those with the conventional single-Vpp
scheme, respectively.

The power overhead required to generate Vpps from Vpp,
is next discussed. The design issue of the dual-Vpp scheme
is that a DC-DC converter is required to generate Vpps from
Vppi. DC-DC converters with an input voltage of 0.56 V,
output voltage of 0.2 V, output current of 50 pzA, and efficiency
of more than 66% are required in this study. Some low-voltage
and low-output-power DC-DC converters that have the poten-
tial to satisfy these requirements of the dual-Vpp scheme have
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single-Vpp scheme and dual-Vpp scheme are compared. Results of previous
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been reported. A 0.45 V-input and 0.34 to 0.44 V-output buck
converter [22] with an output current of 0.67—410 ptA was used
in an on-chip gate boost technique to achieve an efficiency
of more than 90% at a low input voltage and a low output
current. A-low-output voltage (0.3-0.55 V) buck converter
[23] with an input voltage of 0.6—-1.1 V and a discontinuous
conduction mode (DCM) controller was reported to achieve
an efficiency of 90% at an output voltage of 0.35 V. Neither
DC-DC converter, however, satisfies all the requirement of the
dual-Vpp scheme. Therefore, the development of 0.2 V-output
DC-DC converters with an efficiency of more than 66% is a
future research challenge to achieve a higher GE using the
dual-Vpp scheme.

In Figs. 16 and 17 and Table II, the results of this work [13]
are compared with those of previously reported TXs with small
Povr values of —20to —10dBm. [1], [6], [7], [9]. The previous
results are shown in descending order of Pyt in Table I1. The
TX with the dual-Vpp scheme achieves the highest DE of 42%
and the highest GE of 28%, thereby achieving the lowest energy
of 36 pJ/bit (= 36 W @1 Mbps) among the reported TXs.
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TABLE II
COMPARISON WITH RESULTS OF PREVIOUS STUDIES
Unit [9] [7] [6] [1] This work [13]
CMOS technology [ nm 65 130 130 40 40
Vpp1:0.56
Supply voltage v 0.7 1 1 0.5 Vipa:0.2
Frequency MHz 2400 300-450 400 315 315
Data rate Mbps 1 0.1 0.2 1 1
PA class - Class-D Edg‘e- Edgg- Class-F Class-F
combiner | combiner
Output power (Poyr)| dBm -12.5 -16 -17 -21 -20
Drain efficiency Y% 32 16 30 20 42
Power consumption
W 440 400 90 52 36
of TX (Protar) H
GE w/o Osc. & PLL| % 20 - - 16 28
GEw/Osc. &PLL | % 13 6.3 22 - -
Energy pl/bit 440 4000 450 52 36
TX include Osc.+Driver| Osc.+#PLL+ [ Osc.+PLL+ | Mixer+ Mixer+
meludes ) +PA | MixertPA | Mixer+PA |Driver+PA| Driver+PA

V. CONCLUSION

A low-power and highly efficient transmitter (TX) was
developed. To achieve a highly efficient power amplifier (PA)
with a small output power (Pout), a new design method which
calculates the complicated design parameters for a class-F PA
with a small Poyr is proposed. The proposed design method
provides a quantitative analysis of the low efficiency in a
class-F PA with a small Pgyr, in particular, the dependences
of the loss in the matching networks (PyaTcming) and the
drain efficiency (DE) on the impedance transformation ratio
are discussed. On the basis of the quantitative analysis, we
conclude that a low power supply voltage (Vpp) and a small
impedance transformation ratio result in higher efficiency of
the PA with a small Poyr. Using this result, a dual-Vpp
scheme is realized to increase the efficiency of a TX with a
PA having a small Poyr. At a PoyT of —20 dBm, compared
with the conventional single-Vpp scheme, DE and GE for the
TX with the dual-Vpp scheme are 2.1 and 1.5 times higher,
respectively. Compared with previously reported TXs, the TX
with the dual-Vpp scheme achieves the highest DE of 42%
and the highest GE of 28% at a Poyt of —20 dBm, thereby
achieving the lowest energy of 36 pJ/bit (= 36 uW @1 Mbps)
among the reported TXs.
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