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Fully Integrated CMOS Power Amplifier Design
Using the Distributed Active-Transformer
Architecture

Ichiro Aoki, Student Member, IEEEScott D. Kee, David B. Rutledgé&ellow, IEEE and Ali Hajimiri, Member, IEEE

Abstract—A novel on-chip impedance matching and power-  Two main obstacles in the design of a fully integrated CMOS
combining method, thedistributed active transformeis presented. power amplifier are the low drain—gate, drain—source, and
It combines several low-voltage push—pull amplifiers efficiently yrqin_gybstrate breakdown voltages of the transistor and the
with their outputs in series to produce a larger output power while S
maintaining a 50- match. It also uses virtual ac grounds and l,OW, resistivity of the substrate. The low breakdqwn voltage
magnetic couplings extensively to eliminate the need for any off- limits the output power and the low substrate resistivity reduces
chip component, such as tuned bonding wires or external induc- amplifier's power efficiency. These problems are exacerbated
tors. Furthermore, it desensitizes the operation of the amplifier to g5 the CMOS transistor's minimum feature size is scaled down

the inductance of bonding wires making the design more repro- ter operation resulting in lower substrate resistivity and
ducible. To demonstrate the feasibility of this concept, a 2.4-GHz for fas P g9 y
smaller breakdown voltages.

2-W 2-V truly fully integrated power amplifier with 50- € input . . .
and output matching has been fabricated using 0.35sm CMOS To achieve a larger output power despite the low transistor
transistors. It achieves a power added efficiency (PAE) of 41% at breakdown voltage, some form of impedance transformation is
this power level. It can also produce 450 mW using a 1-V supply. necessary. This impedance transformation could be achieved
Harmonic suppression is 64 dBc or better. This new topology ging an ideal 1n transformer. Unfortunately, an on-chip
makes possible a truly fully integrated watt-level gigahertz range . . .
low-voltage CMOS power amplifier for the first time. spiral 1:n tr_ansformer on a standard CMOS substrgte is very
Index Terms—Circular geometry, CMOS analog integrated cir- lossy and will degrgde the performance of the amplifier greaFIy
cuit, distributed active transformer,’ double differential, harmonic [j.'l.]_[13]' An on-chlp.resonant match presents a lower, yet §|g-
control, impedance transformation, low voltage, power amplifier, Nificant, loss [13]. This problem becomes worse as the desired
power combining. power level increases and/or the transistor breakdown voltage
decreases. Another difficulty presented by these methods is
the thermal dissipation. By not using any means of power
combining, the active device is concentrated in one place,
HE DESIGN of a fully integrated power amplifier with aresulting in a higher junction temperature that can lower the
reasonable output power, efficiency, and gain remains olwig-term reliability or even damage the transistor.
of the major challenges in today’s pursuit of a single-chip inte- This paper describesrovel distributed active-transformer
grated transceiver. Although several advances have been mpolwer amplifier(DAT) as an alternative and efficient method
in this direction, a truly fully integrated CMOS power amplifierof impedance transformation and power combining to achieve
at watt level output power has not been reported to this date.a high output power while maintaining an acceptable power
Multiple external components such as bonding wires amdficiency. It overcomes the low breakdown voltage of short-
external baluns have been used as tuned elements to prodiannel MOS transistors and thermal dissipation problems. This
output power levels in excess of 1 W using CMOS [1], [2] onew circular geometry can be used to implement linear classes
Si-Bipolar transistors [3], [4]. Alternative technologies withA, AB, and B, as well as the switching mode E/F family [14]
higher breakdown voltage devices or higher substrate resistivitipush—pull switching power amplifiers. Details of the passive
have been used to increase the output power and efficiencyimpedance transformation and power-combining network com-
integrated amplifiers. In particular, LDMOS transistors with @aring its efficiency to the conventional methods are presented
breakdown voltage of 20 V [5] and GaAs monolithic microwaven a companion paper [13]. Section Il explains in more detail the
integrated circuits (MMICs) with semi-insulating substratehallenges in designing a power amplifier using CMOS tech-
[6]-[8] have been used to integrate power amplifiers. To date, thelogy. In Section Ill, the design evolution leading to the DAT
highest power levels achieved with fully integrated amplifiensower amplifier is described. Section IV gives a detailed insight
in standard silicon are on the order of 100 mW [9], [10]. about classes of operations, which might be used with the DAT.
Experimental results are presented in Section V.

. INTRODUCTION
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Ve significant effect on the power efficiency of a watt-level submi-
ac/dc ground cron CMOS power amplifier in multigigahertz range, typically
losing 20%—40% of the power supplied from dc supply in this

Bypass inductor alone. In order to minimize its loss, the impedance of

;l; this inductor should be comparable to the low impedance of the

load presented to the transistor and the output impedance of the
transistor. For example, to achieve 1-W power with a 3-V supply
Output and aV;, of 0.5V, the maximum load resistance presented to the

Impedance transistor may be calculated as
transformation

Yg _ (Vaa=Wa)* _ (25V)* _
ac/dc ground ( ac ground ac ground Rl’ max 2P 4t T 2.1W 3.1 4. (2)

Harmonic control

ac block

Input

Input Matching
Network

Another difficulty brought by this low-impedance inductor
Fig. 1. Block diagram of a power amplifier with critical points for integrationjs its layout dimensions. For a single-ended amplifier topology,
the transistor size has to be large in order to have an accept-
easlge maximum drain current and a |d¥. In this scenario, the
ﬁ_hysical size of this inductor becomes comparable to that of the
transistor making it difficult to establish a low parasitic the con-

sues of a power amplifier are described here to illustrate th
problems. Fig. 1 shows a simplified diagram of a power amp
fier with its key parts. >
In terms of frequency response, today’s submicron CMJction between the two.
and/or Si-bipolar technologies offer very acceptable n-channellt is also necessary to provide the dc power supply to the
Or N-p-n transistors (€.gfwax andf; of 0.15m CMOS tran- amplifier. As shown in Fig. 1, very low-impedance and low-loss
sistors reach up to 80 GHz). If the only limitation is transistor'sonnections are required for both ground and positive supply
speed and gain, in principle it is possible to design switching bpdes and a high impedance inductor may be necessary to block
linear-mode amplifiers up to the 20 GHz range. Unfortunatelthe ac signal from the power supply. If implemented on-chip,
low breakdown voltages and high knee voltages,, of the this inductor will have a significant power loss mainly due to
transistors limit the maximum voltage swing at their drainthe metal resistance. When tuning precision is not required, the
or collectors. This voltage swing limitations make a largec may be provided by wire bonds. Providing a low-loss and
impedance transformation necessary in order to deliver agy-impedance ac ground is also a challenge because, unlike in
power beyond 100 mW to 50-loads, B;.. This can be seen GaAs technology, the silicon substrate is thick and does not have
from the following calculations for a knee voltage of 0.5 V ang packside ground plane with via access.

supply voltage of 3 V: In order to obtain watt-level output power despite the low
) ) breakdown voltage of the available devices, one can resort to
Py = (Vaa = Vi) — (2":\/) — 63 mW. (1) impedance tran.sformation, power combining, or an qmalgam_a-

2Ry, -50 Q2 tion of both. It is necessary to present to the transistor drain

) ] o or collector a low impedance, which must be matched to the
Another issue is the drain impedance control at the fundgy ) |oa9. The impedance transformation could be achieved
mental frequency and at the harmonic frequencies taking ”Hging an ideal 1» transformer. Unfortunately, an on-chip spiral

account the transistor parasitic capacitances. Impedance Cf)l’l;1 transformer on a standard CMOS substrate is very lossy

trol is required to achieve the desired harmonic suppressioarﬁ,d will degrade the performance of the amplifier significantl
at the output and to improve the drain wave shaping for better, 9 P b 9 y

power efficiency [15]. This harmonic control must incorporat 1}-[13]. Another way to perform the impedance transforma-

an inductor, in order to achieve a high-frequency selectivity aﬁ'&n Is through a resonant match. A cgpac(ﬂj‘;ns C_O””e_CtGd In

to resonate the transistor drain capacitance, as may be seefghillé! to the 5a load fi..q and an inductoi, in series, as

the block diagram of the hypothetical power amplifier showROWn by Fig. 2(a). This transformation can be seen graphically

in Fig. 1. Even in class-A operation, in order to satisfy the rigiin the Smith Chart of Fig. 2(b). Although this method achieves

wireless communications standards, it is necessary to have s¢pj¢er loss than the transformer, its loss is still significant and

harmonic suppression to offset the transistor nonlinearity pfaesents a layout problem similar to that described previously

sented when the power amplifier is operating near its gain cofff the impedance control inductor [13].

pression point. In the input network of Fig. 1, it is necessary to place an in-
Due to the series metal resistance and induced currents in s#ictor in parallel to the gate to resonate the gate capacitance in

strate, the on-chip harmonic rejection inductor presents a vérger to match the low gate impedance to$3@put. Besides

low quality factorQ. Therefore, this loss component can have e loss associated with this component and the difficulty in ob-

) ] ) ) taining the necessary low-impedance low-loss ground, the input

1Knee voltage is defined to be the voltage below which the device cea

se . :
to operate as a transconductance. For the MOS device, it is the voltage beﬂgé\p’\_’ork also neceSS'Fat?S a low impedance dc b_IOCk for gate
which the device operates in the triode region [15]. biasing. Although easily implemented by an on-chip capacitor,
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Fig. 2. (a) Resonant impedance transformation network. (b) Its impedance
transformation shown graphically using a Smith chart.

the large size of this dc block is undesirable since it consumes
a large die area.

bond wire

GNDpc

[ll. DISTRIBUTED ACTIVE TRANSFORMER
Fig. 3. Push—pull amplifier with virtual ac grounds at the power supply and

As described in the previous section, there are many chgdeund.
lenges in designing a watt-level power amplifier in CMOS. The

distributed active transformeiDAT) addresses these problemsjitferential output signaly; — Vs, does not contain any even

reducing their effects significantly, thus allowing the design @farmonic components due to symmetry, as demonstrated by the
a truly fully integrated power amplifier realizable using submifg|lowing equations.

cron CMOS technology.

The DAT combines several low-voltage push—pull amplifiers V1 = A; - cos(wt + 61) + As - cos(2wt + 62)
efficiently to produce a larger output power while maintaining + Az - cos(3wt 4 03) + - - - ()
a 5042 match. It also uses virtual ac grounds and magnetic cou-

plings extensively to eliminate the need for any off-chip compo- V2 =41 cos(wt + 61 + ) + A - cos(2wt + 62 + 27)

nent such as inductors, capacitors, and tuned wire-bond induc- + As - cos(Bwt+ 65 +3m) + - -
tors. Furthermore, it desensitizes the operation of the amplifier =—A; - cos(wt + 61) + Ay - cos(2wt + o)
to the inductance of bonding wires and makes the design more — As - cos(3wt+f3) + - - 4

reproducible.

This section describes the design evolution leading to the dik: — V2 =2A; - cos(wt + 61) + 243 - cos(3wt + 63)
tributed active-transformer power amplifier. It is worthwhile to +2A; - cos(bwt + 63) + - - - (5)
note that although the approach is described for MOSFETSs here,
this architecture may be implemented in a similar way usijhere4, and¢,, are the magnitude and phase of tfté har-
other technologies such as bipolar junction transistors, met&onic at the drain of transistor 1, ands the fundamental an-

semiconductor field effect transistors (MESFETS), or high elegular frequency. The elimination of the even harmonics, espe-
tron mobility transistors (HEMTS). cially the second, by the circuit symmetry allows for the use of a

lower loaded—and therefore lower loss—resonant circuit at
the drain for harmonic suppression as it only needs to suppress
R _ odd harmonics.

The basic building block of the new topology is the push—pull |t switching modes of operation are desirable, the differential
amplifier shown in Fig. 3. This topology creates a virtual agymmetry of this topology provides high impedanee82;- 44,
ground at the power supply and ground. Because these virtggibach even harmonic to the transistor drains regardless of the
ac grounds are created by symmetry, they are inherently lgwpedances of the output resonant netwdik at these frequen-
loss and low impedance. They also avoid the need for a lossigs, as shown by Fig. 4(a). The transistor drain impedances at
on-chip choke inductor. The connection from these ac virtuatld harmonics will beZ;, as can be seen in Fig. 4(b) and the
grounds to the positive supply and ground will carry only currefillowing equations.
at dc and even harmonics, thus eliminating the loss caused by
the RF signal at the fundamental frequency and odd harmonics z_
going through lossy supply lines. Furthermore, this effect de-
sensitizes the operation of the amplifier to the inductances of

A. Differential Push—Pull Topology

Wi_L-Zi+ (i + 13) - Zyaa
I I
D Zy 420 Zyaa

=Zy 4+ 22,44 = 22,44 (68)

bonding wires, making the design more reproducible. It also I
eliminates the need for a large on-chip bypass capacitor on the Wi L -Z+ (I~ 13) - Zyaa
supply. e T T I

Fig. 4(a) and (b) shows a push—pull amplifier illustrating the I -7

impedances seen by even and odd harmonics, respectively. The = I =2 (6b)
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Fig. 6. Circular geometry power amplifier with four push—pull amplifiers and
eight transistors.

substrate current and power loss caused by it will be reduced.
Third, the metal width of the inductor may be increased beyond
e maximum set by the spiral geometry. With wider metal,
e series metal resistance is reduced, although capacitive
coupling to the substrate is increased. This allows a better

th
Fig. 4. Effective impedance at the transistor drain. (a) Even harmonic signatﬁ
(b) Odd harmonic signals.

L optimization of the inductor and in many cases the total loss
) can be significantly reduced.
pry w L'<4L ) . . .
— A slab inductor is used as drain inductbyf, as shown in
L T w2 ma l wip| — —  — [, Fig. 3, in order to control the impedances at the fundamental
i _J_ frequency and harmonics and also to provide a path for the dc
« ||« Cs1 ¢ supply current.
P1 P2 l I
Cs1_J— J_csz Rs'

C. Circular Geometry

Rs Circular geometry is a means to create low-loss low-
Fig. 5. Comparison of the loss mechanisms for a one-turn spiral and a s*%pe_d_ance Vlrtual_ ac grounds Wh"‘? using Se\_leral power
inductor. amplifier blocks simultaneously. For instance, Fig. 6 shows
the primary circuits with four push—pull power amplifiers and
- o . ight transistors.
By providing a short circuit between the drains at each odd? t_t ans gto S : :
This architecture allows the creation of virtual ac grounds

harmonic using a simple paralleC tank tuned to a frequency . hout having t t together th f th ir of
slightly above the fundamental frequency, the drain impedan\%t out having to connect together the sources of the par o

will be inductive at the fundamental and will be small at odf@"S'Stors of each push—pull amplifier, as shown in Fig. 3. With

harmonics and large at even harmonics. If transistors are dri\%ﬂb inductors, this connection is physically impossible, without

into saturation, these impedances shape the drain Waveformgq@tpronl1IS|ng dt_h? amptl)lflfr opetrr? tion, as thﬁc sllab mdutc tlolr_s
perform the high efficiency class E/f, operation [14]. create a large distance between the sources. If a long metal line

is used to connect the sources of this pair of transistors, the
B. Slab Inductor induqtance of this metal yvill be comparable to Fhat_of the drai_n
) . o ) slab inductor. The resulting source degeneration inductor will

On-chip slab inductofs present a significantly highe®  seriously degrade the amplifier performance and hence should
and consequently lower loss when compared to conventiopal gvoided.
low-impedance  single-turn spiral inductors. Several factors Ac virtual grounds for the fundamental and all odd harmonics
contribute to the highep of the slab inductors. First, the negative;an pe created in the corner points of the circular geometry by
mutual inductance between the current through metals on the @gnnecting together the sources of the transistors of the adja-
posite side of the spiral are reduced. Hence, the total metal lengdlyt push—pull amplifiers. By driving these transistors in op-
toobtain the same inductance is shorter than the circumferencggéite phase, as shown in Fig. 4, their source currents, which
the loop. Therefore, the resultant inductor demonstrates a lowgiong to different push—pull amplifiers, have the same ampli-
total series metal resistance, as shownin Fig. 5. Second, the shyge and the opposite phase and therefore cancel each other.
resistance through the substrate between the two terminalsr result is similar to connecting the sources of the pair of
the inductor./’, and I, will be higher because of the largefiransistors belonging to the each push—pull amplifier with short
distance between them, as illustrated in Fig. 5. Thus, thgy-impedance connection. Two electrical diagrams show how

2Slab inductors are two-port inductors formed by a straight piece of metal,f%ur push—pull ampl'f'?rs of Fig. 7 are rearranged to form the
opposed to curled metal used in one- or two-port spiral inductors. Ircu Ig. 8.
d led lusedi iral ind circular geometry of Fig. 8
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GNDpc Ve Voc 4
ac GNDpc
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Vbe
T me M |
ac
ground
M, M,
— —_ GNDp¢
w_ Fig. 8. Four push—pull amplifiers connected in circular geometry creating ac
ac grounds between the adjacent push—pull blocks.
ground
GNDpc
Fig. 7. Four conventional push—pull amplifiers using virtual ac grounds. = i ‘TI B s

D. Cross-Connected Capacitors

The connection of the drain tank capacitor presents simil e

e . v
difficulties. These capacitors cannot be connected between
drains of transistors belonging to the same push—pull amplifi
in a conventional way, as the inductance of the long metal lin
used to connect them will be comparable to that of the dra

. | ourPuT
\\II -u.||||.‘|.||. Tl |

B G mru;

slab inductor. In order to solve this layout problem, these caps o .
itors are connected between the drains of adjacent transistor Output
the circular geometry belonging to the adjacent push—pull ai peeey Jioved e,
plifiers, as seen in Fig. 6. The voltage between the drains *—1& N X & (o
these adjacent transistors is identical to the voltages between P M e e
drains of a single push—pull amplifier, so long as the transistc ‘17 ‘17 ‘9 .

are driven in proper phase, as shown in Fig. 6. Therefore, if\
connect the capacitors between the drains of adjacent tran b)
tors, their currents remain exactly the same and the circuit op-
eration does not change. This produces a harmonic suppressigr. (a) Distributed active-transformer amplifier with four push—pull blocks
and wave shaping identical to connecting the capacitor acrgg§ eight transistors. (b) Its corresponding electrical diagram.

the drains of each differential pair.

GNDpc GNDpc GNDpe GNDoc

o _ o secondary circuits are connected in series. As the primary
E. Distributed Active Transformer Power Combining circuits of these transformers are independent, the result is a

Although the circular geometry introduced in Section 111-¢ :7 impedance transformation as in Fig. 9(b). Ttistributed
allows several push—pull amplifiers to be designed to reduce @five transforme(DAT) architecture results insimultaneous
serious layout and thermal dissipation problems, their outpht” impedance transformation and transistor power com-
powers must still be combined and delivered to the load.  bining.

This power combining is accomplished by introducing a This DAT architecture is completed by proper tuning of the
one-turn metal strip inside the circular geometry to act asCgOSs-connected drain capacitors and the introduction of a ca-
magnetic p|ckup of the Output power, as shown in F|g g(agaCItor in parallel with the load. Both are necessary to partla”y
The n/2 push—pull amplifiers (four in this example), conducEompensate the leakage inductances created by the relatively
identical synchronized ac currents at the fundamental, inducit@y’ coupling coefficient (e.g = 0.6) of the transformer.
corresponding ac magnetic fields in this secondary loop. The
internal metal loop harnesses the induced magnetic field
generate a voltage between its terminals equivalent to the sunmductors should be placed in parallel with the transistor
of the differential voltages of the/2 push—pull amplifiers. gates to resonate the gate capacitance as the input impedance
Another way to interpret this is to view this topology ag2 of any transistor large enough to obtain watt-level output power
push—pull amplifiers each with a 1:1 transformer, whoss much lower than that of the 5Q-input.

o Cross-Connected Gate Matching
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VDD

vDD

Fig. 11. Input power distribution network. Fig. 12. Input power distribution network with twisted layout to provide a
magnetic positive feedback from the output.

This inductor can cause difficulty as there is no convenient

ac ground to which to connect it, and its connection to circut g inverse F [16], [17], and E/fq. A DAT power amplifier
(dc) ground will necessitate an undesirable bypass capaciti{n operate in one or more classes of operation depending on
If the gate matching inductors of the adjacent transistors gfg gate bias level, drive level, and drain tuning.
connected to each other instead of circuit ground as shown inp this section, we analyze the DAT power amplifier starting
Fig. 10, an ac ground at the fundamental frequency is formedgteither class A or class B and compressing to class,fa/F
this connection point and no connection to dc ground is formeghese two combinations are the most useful ones when the tran-
avoiding both problems. Since this connection point can be lgistor gain is limited, as class A and B biasing conditions extract
cated far from the transistors, slab inductors can be used to s highest gain from the transistor. Starting in class A results in
duce the loss in this component. a higher gain, while class-B operation results in a higher drain
efficiency. If the operating frequency is low relative to transistor
speed and very high transistor gain is available, other choices
The power distribution network shown in Fig. 11 brings thenight be useful.
synchronized differential power to the gates of the transistors.in the following subsection, we will investigate the DAT op-
It consists of two parts, namely the connecting differential linesration in classes A, B, and E/f. To simplify and clarify
bringing the balanced signal to the center of the circular geoithre analysis, the push—pull block is further divided into three
etry, and a distribution network symmetrically connecting theub-blocks, namely the input network, the active devices, and
center point to the gates of each transistor. the output network. The input network comprises every passive
The differential input can be generated either by an on-chiiwmponent from 5& input to transistor gates, the active de-
balun matched to the unbalanced@0aput or by an integrated vices block consists of transistors and gate matching inductors,
differential pre-amp stage. and the output network is formed by the passive components
These input power-distributing lines may have a twisteflom the drain to the 5@ load including the transformer and
layout, as in Fig. 12, to introduce an adjustable amount afatching capacitors, as illustrated in Fig. 13.
magnetic positive feedback to enhance the gain.

G. Input Power Distribution

A. Class A Operation
IV. MODES OFOPERATION IN DISTRIBUTED ACTIVE

A straightforward analysis may be performed to calculate the
TRANSFORMERPOWER AMPLIFIERS 9 y ybep

gain, the maximum output power, and the power efficiency as a
The harmonic impedances available at drains in the digmction of the active and passive parameters and the supply and

tributed active transformer described in Section IlI-A allow thbias voltages. We assume that the transistor is a linear current

DAT to operate in several different classes including A, AB, Bsource with a transconductangg. We assume perfect linearity
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Fig. 14. (a) DAT operating in class A or B mode. (b) DAT operating in class &/ffmode.

in this case. An equivalent electrical diagram of a push—puutput network losses and the load resistance. This value can be

block operating in class-A mode can be seen in Fig. 14(a). calculated using an electromagnetic simulator or approximated
The maximum output poweP,; will be a function of the analytically [13]. The output capacitance of each transistor is

transistor knee voltagg,, [15], supply voltageV,,, number of resonated out by the tuning inductance of the output passive

combined push—pull blocks,/2, output passive network powernetwork, so that the load impedance including this capacitor is

efficiency,n.ut, and load resistance seen by each dr&jnj.e. purely real.

(Vi — Vio)? The gain will be the pro_duct of the active device g&in _a_nd _

R “ Nout (7) theinputand output passive network power transfer efficiencies

i i . Thin andﬁout, i.e.
whereR; is the real impedance seen by the drain of each tran-

sistor in the output network, which includes the effect of the G =7in-Ga - Tou- (8)

Pout:n'
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Drain Current Fundamental Frequency:

The active device gaif".4 may be calculated as a function of
transistor transconductangg,, the gate voltagéd’,, the gate

matching inductor and transistor equivalent parallel input resi /2 ~
tanceR,, and drain load differential resistan&. Drain Current: /\ /’ \

° A /\ \

PA_OUT T (grn‘/g)Q : Rl/2 2 [ / \\

GA = = = g'rn ) Rl ) R (9) / / \ 0 i 4n
Pa 1N n-V2/2R, I /A Y A S :

of

wherePy_our is the output power of the active block, as show! x Drain Current Even Harmonics and de:
in Fig. 13, Pa_1x is the input power of the same active block ¢ 2n I Io
andn is the number of combined transistors. 2

The drain efficiency; and power added efficiendy AE can VAN /V\ /N /m
be calculated as functions ¢, Pouts Vi, Vad, n, and R;. of Voo
The dc power dissipation is constant in class-A operation,
the output power changes. Therefore, the drain efficiency as 0 2n a
function of output powefl,,; is given by

Fig. 15. Decomposition of the drain current waveforms into odd and even
P P P harmonics of a DAT amplifier operating in class-B mode.
out out out

= = = 10
T Poc  nVag-Iaa  n-Vag- (Vaa — Vi) /Ry (10) _ _
Therefore, the even harmonic component of the drain voltage,
wherely, is dc supply current to each transistor. Vb_even(t), can be calculated by integratidg_gven (%), i.e.,
We can calculate the peak drain efficiengys x from (7) and "
(10), as 1 Ip Ip
, VD_EVEN(t) = —— - —_— Sln(wt) _ dt
Cd 0 2 ™
(Vaa — Vi)? Ip 2w
n- * Tlout, = - - 3 1)——t
P = 2R, Nout _ 1 <1 ~ &) e (1) 2wC, <( cos(wt) + 1) . ) )
n-Vaa- Vaa = Vi)/ By 2 Vaa) " 0<t<T/2
1 1t I I
PAE =1 - <1 - 5) Vb_even(t) = o / —TD sin(wt) — 2 - dt
d JT1/2 w
= o D (cos(ut) +1) — ¢
. . — = ——— w - —
n - Vaa - (Vaa Vki/ Ry 2wCy T )’
1= ) 12 T/2<t<T. (14)
< nin'grQn'Rl'Rg'nout> ( )

The fundamental component of the voltage can be computed
by multiplying the fundamental component of the drain cur-
B. Class-B Operation rent by the resistanc®; presented by the output network. As
Push—pull amplifiers operating in class-B mode can be ari-the class-A case presented in Section IV-A, we assume that
lyzed to obtain closed-form solutions for the drain current artfie output network is adjusted so that this impedance is purely
voltage waveforms by treating even and odd current harmoni€&l.

separately. This is shown in the time-domain waveform of ; .
- _ A me Ipsin(wt) - R
Fig. 15. The drain current waveform of a transistor operating in Vb_opn(t) = T o9 (15)
ideal class-B mode is composed of fundamental frequency and _ )
even harmonics only. The actual voltage waveform can be found by superimposing
These currents can be calculated as follows: the odd and even harmonic components, as shown in Fig. 16
1 1 Vo(t) = Vb_rven(t) + Vi t)+Vop. 16
ID_EVEN(t) = ?D Sin(wt) — —D, 0 S t < T/2 D( ) DRV FN( ) P ODD( ) PP ( )
T WI It is noteworthy that the transistor output capacitance is es-
In_rven(t) = —7'7 sin(wt) — =2, T/2<t<T sential to this mode of operation and cannot be ignored. Without
Ip T this capacitance, the amplifier cannot operate in class-B mode
Ip_opp(t) = - sin(wt) (13) since there would be no path for the even components of the

drain current to flow through. Furthermore, if the transistors

whereT is the period and is the peak drain current. Theseand these capacitors are small, the even component of the drain
waveforms can be seen in Fig. 15. voltage becomes large and might damage the transistors, as de-

The even harmonic components of the voltage wavefompicted in Fig. 16. If the optimal transistor size has too small of
can be easily computed using the symmetry of the circuit. & output capacitance, additional lumped capacitances can al-
the impedance of the transistor output capacitance is much lesg/s be added.
than Zy 44, the impedance seen by the even harmonic currentdn class-B operation, the maximum output power will be
will be approximately that of the transistor output capacitanciewer than that of class-A, as the even harmonics of the drain
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Fig. 16. Composition of the drain voltage waveform from odd and even

harmonics of a DAT amplifier operating in class-B mode.
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VOl_tage will increase the maximum value Of the drain voltageig. 17. Equivalent circuit of a push—pull class E{F power amplifier with
This peak voltage can be calculated numerically from (15) awmdnsistors operating substantially as switches.
(16). The maximum allowable drain voltage component at the

fundamental frequency is the difference betwégn and V;..

If the even voltage peaks are small enough to be neglect
the output power”,,; is the same as for class-A under sam

conditions, i.e.

Vaa — Vi)?
Pout =n- % * Tlout - (17)

An example of the drain waveform farCd - Rl = 0.5, 0.3

and 0.2 can be seen in Fig. 16.

We can calculate the peak efficiengy;ax from (17) and
), if the peaking in the drain voltage caused by even harmonic
omponents is negligible, i.e.

e Vk
Max = — - | 1 * Nout -

1\ v (20)

Finally, PAE can be determined using (12) and (20).

The gain of the active block 4 for this mode of operation ¢, Class E/E,, Operation

can be calculated as follows:

9V \
n- 24 R, /2

G, = = =
A Py v n-VZ2/2R, 4

(18)

Class E/Eq4q belongs to the recently introduced E/F family
of zero voltage switching (ZVS) power amplifiers [14]. In this
amplifier, the impedance seen by the transistor drain is the same
as that of the class inverse F [16], [17] at every odd harmonic
frequency and the same as that of class E for the fundamental

The gain under conditions described by (18) will be 6 dB8nd the even harmonics. _ _
lower than the gain of the class-A operation. The gain of actual T0 analyze class Ell, the transistors should be approxi-
amplifier will be even lower since the transistor transcondugdated as switches with series resistafigg [14]. This assump-

tance in the class-B operation is lower than that under classij@n is valid when the input power is high enough so that the

The total power gain can be computed using (8).

transistor is either open or operates in the triode region during

Combining (9) with (18), we notice that the drain efﬁcienqynost of the cycle. The equivalent circuit may be seenin Fig. 17.

7 and PAE can be calculated as functiond®f;, Pnc, Vaa, n,
and R;. The dc power dissipatioRp¢ is proportional talp in
class-B operation, therefore

Pout_ Pout _ Pout
C Phe n-Vigo I N 2 P
DC T Vdd D/7F ne Vg 2.2 t
a n'nout'Rl
out * " Tlou
. YEout Ft Tlow (19)

2\/ 2n - Vdd

There is ho known simple solution to analyze the circuit when
the transistor is operating part of the cycle as a current source
and part of the cycle as an open or short circuit. Also, it is dif-
ficult to calculate the value ak,,, analytically as a function of

the input power and circuit parameters, since the transistor be-
havior during the transition from the open state to the short state
and vice-versa is extremely nonlinear. This can be an interesting
subject for future work. For this paper, we assume gt is
constant for the input power above a certain value. This min-
imum input power and?,, may be extracted from numerical

Itis interesting to notice that in both class-A and class-B cassisulations of the amplifier.
the drain efficiency can be kept higher when output power is low The simple push—pull circuit of Fig. 17 can be used to pro-

if we can change eitheR,; or V;; or both dynamically ag>,
changes. Equations (10) and (19) clearly show this fact.

vide virtual short circuits at the odd harmonics to each switch
while leaving the impedance seen by the switches at the even
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:54 ] T rents through the switcheg,; andl,., as a function of amplifier
8 Increasing Cs | - : total dc currentlpc as follows:
® /| -
g S -
5 N S 2Ipc
£ Cc t 27 —Ic 0<t<T/2
; ) urrer: P Voltage Is) = csz U= / (25)
£ 7 Cs=0 0 T/2<t<T
8 ....... ///
¢ |--7 7 0 0<t<T/2
gl Iz =1 o1 (26)
s | - D€ _Iesi T/2<t<T

0T n

0 n 2n

Phase Angle 0 (radians) The waveforms for the class E/fg amplifier with linear

output capacitance, calculated from (21)—(26), are plotted in
Fig. 18. \oltage and current waveforms of the switches of a class.&/F Fig. 18. A similar solution exists for nonlinear capacitors [14].
power amplifi_er. The_chang_einthe current waveform Withincreasing_transistor-r0 calculate the amplifier total dc currenfpc, we can
output capacitance is depicted. The current on the plot does not include the
current through this capacitance. equate the fundamental frequency component of the square

current through the switches to twice the current through the

. . _ load. This will result in
harmonics to be that of the switch output capacitance, as de-

scribed in Section IlI-A. Furthermore, due to the symmetry of

the circuit, the even harmonics are suppressed at the load, easing Ipc = n Vbe @7)
the task of filtering the output. 2\ p 4R
Initially, we assume the loss is negligible and the loaded w2

of the resonator composed bf andC is high. If this resonator The instantaneous power loss is the producgf and its

is tuned near the fundamental frequerfgythe voltage across rms current. The average power loss is then aiven b
it must be a sinusoid at that frequency. The resonator is then ' 9ep 9 y

detuned to have the required inductance at the fundamental
frequency to achieve ZVS conditions. The resonator should P, =n—
present between the transistor drains a reactance equal to that 2r Jo
of each transistor’s output capacitance, but with the opposite
sign. Kirchhoff’s voltage law requires that the voltage across
the resonator be the same as the difference between the switch
voltages,V; andV5. In addition,V; andV; are zero during the
half-period when the corresponding switch is closed. Therefore,
the voltage across each switch must be half-sinusoidal, as in
Fig. 18. For the dc voltage of this waveform to equal the supply
voltageVpc, the peak voltagé,,, must berVpc, i.e.

27
I,(6)%d - Ryy

=n—
2 0

. <VDC _

Ron <2IDC>2
=n
n

® T
<2ID0/7‘L X

cs1

2
. R0n> COS(9)> df - Roy

b

0 0<t<T/2 ™ 2l 2
= - Vbe — Ron
g { —7 Ve si < } D <X051 < P ))
TVDC Sln(wt) T/2 <t<7T + (28)
2
_ [ #Vpesin(wt) 0<t<T/2
va_{ 0 Tje<t<T (" 2

To account for loss, the series resistance of the swiigh
The currentslcs1 and I-s2 through the output capacitorsand the voltage drop associated with it are included in (28).
Cs1 and Css: may be found using the known switch voltages, Since the amplifier is saturated, the output power is no longer

ie. a function of the input power, but is instead a function of supply
voltageVpc. We can calculate the approximate output power of
Ies1 = {
Icsa = {

0
—7rw051 VDC COS(wt)

WWOSQ VDC COS(wt)
0

0<t<T/2
T/2<t<T

b e
}. (24)

0<t<T/2
T/2<t<T

the circular geometry amplifier as follows:

Pout = (PDC - Hoss)nout = (VDCIDC - Ploss)nout- (29)

As P, is not a function ofP,,, the gain can be calculated

If Ly is large and conducts only dc current, for each half-

cycle, one of the transistors is open circuited (and can be re-
moved from the circuit), while the other is short circuited and
conducts the excess current. Therefore, we can calculate the clf-= P,

2Ipa

P out

using (28).
)]

- 8R1-Pin * Nout - (30)
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Fig. 19. Electrical diagram of a complete DAT amplifier with four push—pull blocks.
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The drain efficiency may be computed using (27) and (28) |

be
Ploss )
=(1- * Nout - 31

7 < Voalne) (1)

Finally, the PAE may be obtained from (12), (30), and (31) i L

V. EXPERIMENTAL RESULTS

As a demonstration of the concept, a 2-W 2.4-GHz singl
stage fully integrated DAT switching power amplifier in clas: |
E/F; has been fabricated and measured using @r835=MOS
transistors in a BICMOS process technology. This process |
fers three metal layers, the top one beingrB-thick with a dis-
tance of 4.3um from the substrate, the substrate has a res
tivity of 8 ©2.cm. The chip area is 1.3 mm 2.0 mm including
pads. The complete electrical diagram of the designed CircH 20. Microphotograph of the first fabricated 2-W DAT power amplifier at
and a microphotograph of the chip can be seen in Figs. 19 @w®GHz using 0.33:m CMOS technology.

20. Quasi-3-D simulation using SONNET [18] and circuit sim-

ulation using ADS [19] have been performed on the completee calibrated out, including the connector and Duroid board
structure as a part of the design cycle to verify the performanlosses. The bond-wire power loss is included in the amplifier's
of the amplifier. measured performance.

In our measurement, the chip is glued directly to a gold-plated Driving a balanced load, an output power of 1.9 W at 2.4 GHz
brass heat sink using conductive adhesive to allow enouighobtained with 8.7-dB gain using a 2-V power supply. The cor-
thermal dissipation. The chip ground pads are wire bondessponding PAE is 41% and drain efficiengys 48%. The am-
to the heat sink. The input and output are wire bonded piifier can also drive a single-ended load, achieving a PAE of
5042 microstrip lines on printed circuit board. Supply an®1% with P, of 2.2 W (33.4 dBm), gain of 8.5 dB, and drain
gate bias pads are also wire bonded. The input is driven usifficiency of 36%. It can also produce 450 mW using a 1-V
a commercial power amplifier connected to the circuit inpupply with a PAE of 27%. Figs. 21-23 show the gain and PAE
through a directional coupler to measure the input return losg&rsus output power for 2-V supply with differential output, 2-V
The output is connected to a power meter through a 20-éBd 1-V supplies with single-ended output, respectively. Small
attenuator and 2.9-GHz low-pass filter to avoid measurirgignal gain biased for class-A is 14 dB and input reflection co-
harmonic signal powers. All measurement system power lossdficient is—9 dB. The 3-dB bandwidth is 510 MHz centered at



382 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 37, NO. 3, MARCH 2002

18 45 TABLE |
16 + 40 COMPARATIVE TABLE OF THE PERFORMANCES OF THERECENTLY REPORTED
14 1 1 35 INTEGRATED POWER AMPLIFIERS
—_ 12 + 30 — Freq | Pouwt |Sup| PAE | Wirebond | External " :
g. 10 1 25 E\: GHz | W v % Inductor | Comp. Active Device Ref.
S g w 1.9 [10] 2 M YES YES CMOS 1]
3 T20 < 09 |10 |19 41 YES | YES CMOS 2]
6 - T 15 09 |50 [45] 59 NO YES Si Bipolar [3]
4 -+~ Gain[dB]: + 10 19 | 14 |25 55 NO YES Si Bipolar [4]
. 09 |02] 5 49 NO NO | SOILDMOS [5]
. - PAE[%]: +
2 . . .[/O] . 5 24 Jo025] 7 79 NO NO [GaAs MESFET| [6]
0 - f f f 0 56 |17 |12 70 NO NO |GaAsMESFET| [7]
0.0 0.5 1.0 15 2.0 2.5 1.9 |063] 3 52 NO NO [GaAs MESFET| [8]
P, [W] 0.9 [0.085] 3 | 30m NO NO CMOS [9]
19013 [ 16w NO NO CMOS [10]
Fig. 21. Measured PAE and gain versus output power of the DAT amplifie_2:4 | 045 | 1 27 NO -] 'No |~ ¢cMOS - s
operating with 2 V at 2.4 GHz with 5@ balanced output. 24 119 2 | 4t NO NO CMOS BA
24 |22 |2 31 NO NO CMOS
16 35 D- Differential load
1- Drain-efficiency
14 . T 30
12 A
T 25 . .
o 10 - <  ance caused by the asymmetric feedback from the output signal
% 8 - T 20 :T and difference in signal phase across the transistor area which
s g T15 < is not accounted for in the simulation.
3 4
4 - Gain[dB}: T VI. CONCLUSION
2 4 T+ PAE[%]: 15 .
0 : : : 0 A new method for implementation of a power amplifier

in a low-voltage CMOS process was presented. A novel
0.0 0.5 1.0 1.5 2.0 25 . . . .

P [W] fully integrated single-stage circular geometry active-trans-

OuT| I . .
former (DAT) power amplifier implemented in a low-voltage

Fig. 22. Measured PAE and gain versus output power of the DAT amplifié¢MOS process achieves 1.9-W output power with 41% (31%
operating with 2 V at 2.4 GHz with 5@ unbalanced output. single-ended) PAE at 2.4 GHz. It can also be used as a 450-mW
2.4-GHz amplifier with 27% PAE using a 1-V supply. The

12 , 30 circuit includes input and output matching to 80 requiring
10 4 L 25 no external components. This new concept combines several
push—pull amplifiers efficiently with an extensive use of virtual
by 8 1 T20 — acgrounds and magnetic couplings. None of the bonding wires
kA 6 145 E- is used as signal path inductors, making the circuit insensitive to
£ < their exact value. This is the first reportidly fully integrated
O 4 + 10 power amplifier to achieve over 1 W in the gigahertz range
5 ] s = Gan[dB, Ls glsjlr:?n 2;% g;/?rllt:%?e(\ii'\giswgicsss, as can be seen in Table I,
LIl,_L- 43 PAE[%]:
0 : : : 0
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