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Abstract—In this paper, we compare the performance of the off-chip transmission lines, off-chip capacitors, and/or external
newly introduced distributed active transformer (DAT) structure  paluns to achieve watt level output power.
to that of conventional on-chip impedance-transformations Several other works have been reported using alternative

methods. Their fundamental power-efficiency limitations in the technologi ith hiaher t istor breakd It
design of high-power fully integrated amplifiers in standard silicon process technologies wi igher transistor breaxkdown Vvoit-

process technologies are analyzed. The DAT is demonstrated toages and/or insulating substrates to achieve watt-level output
be an efficient impedance-transformation and power-combining power, such as GaAs monolithic microwave integrated circuits
method, which combines several low-voltage push—pull amplifiers (MMICs) [7]-[9] or silicon-on-insulator (SOI) LDMOS with

in series by magnetic coupling. To demonstrate the validity of the 20-V breakdown voltage [10].

new concept, a 2.4-GHz 1.9-W 2-V fully integrated power-ampli- . - .
fier achieving a power-added efficiency of 41% with 508 input These results [1]-[6] demonstrate that while silicon transis-

and output matching has been fabricated using 0.35:m CMOS  tors are capable of producing watt-level output power in the gi-
transistors. gahertz-frequency range with reasonable efficiency, the on-chip

Index Terms—Circular geometry, CMOS analog integrated cir- passive deyipes are the major limiting factor i.n the performance
cuit, distributed active transformer, double differential, harmonic- ~ Of the amplifier and, therefore, deserve special attention. These
control, impedance transformation, low voltage, power amplifier, passive devices are unavoidable due to the impedance transfor-
power combining. mation required to achieve high power with low-breakdown sil-
icon transistors.

Two major problems associated with the design of on-chip
power amplifiers using submicrometer CMOS processes are low
A MONG THE several building blocks necessary to conyansistor breakdown voltage [11] and the high loss of on-chip

struct today’sholy grail in wireless communication, the jmpedance transformation [12]. The latter is caused by the highly
“single-chip radio,” power amplifiers have been one of the moghnquctive substrate, as well as thin metal and dielectric layers.
significant challenges. Several results have been publishedrifese problems become more serious as the minimum feature
this field, bgt_ none hav_e_ reported a watt-level fully integrateg;es are scaled down in each new process generation [13].
power amplifier using silicon technology. Today's submicrometer transistors necessary for gigahertz

Until now, the highest output powers achieved by fully intepperation have breakdown voltages in the range of 4—6 V [14].
grated power amplifiers in standard silicon processes are 85 Mis |ow breakdown voltage limits the drain (collector) ac
[1] delivered to a differential 582 load with a power-added ef- voltage swing to aroune-2 V. Without any impedance trans-
ficiency (PAE) of 30% and 100 mW with a drain efficiency oformation, the power delivered to a 3Bioad for a sinusoidal
16% [2], both implemented in CMOS technology. Other workgo|tage waveform is only 40 mW. The necessary impedance
using CMOS [3], [4] or Si bipolar [5], [6] processes rely on thgransformation to achieve higher output power might be accom-
use of external passive components such as bond wire i“dUCtBT‘réhed by an on-chigt : » transformer or inductor—capacitor

(LC) resonant matching network. Unfortunately, these on-chip
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the abovementioned problems [16]. This new method relies Rin

on extensive use of symmetric push—pull amplifiers, ac virtual c

grounds, and magnetic coupling for series power combining. Port-1 ©
This paper presents a study of the most common passive I

impedance-transformation networks for watt-level fully inte- Lo Rioad

grated power amplifiers and compares their efficiencies to that

of the DAT structure. This comparison demonstrates the advan-

tages of the DAT approach to the existing ones. Details of the

active device issues and different classes of operation will be

presented in a companion paper [17]. Section Il presents simpig 1. Ideal resonaritC impedance-transformation network.

models of common transformation networks, issues related to

their design, and their corresponding lowest achievable powgid hence lowers the associated loss of the inductor. The dual
losses. Section Ill explains how the DAT structure alleviatggetwork, however, results in better harmonic suppression due to
the loss in the passive components. In Section 1V, the desig®low-pass nature.

process and measurement results of a 2.4-GHz DAT-based he impedance-transformation ratigs defined as

fully integrated power amplifier will be shown using a standard

0.35:m CMOS transistors. r= Rioaa =14+Q?~ Q? (1)
It should be noted that while this paper addresses silicon- Rin

based power amplifiers, it may also be possible to apply thegferer,,,, andR;, are the load and its transformed impedance
technigues to other technologies such as GaAs or SOl to provgg%ort_L and); is the loaded quality factor of the network at the

power density compared to conventional power amplifiers. j o

R oa
Il. 1 MPEDANCE-TRANSFORMATION NETWORKS Q= IL 4 (2)
WL
A low loss impedance transformation with a large ratio is es- S ] o )
sential to deliver a large ac power efficiently into a@Qoad ~ 11€ voltage swing limitations of the active device in combi-
using low-breakdown submicrometer high-frequency integrat8gtion with _deswed output power determifig,. A given Ry,
transistors. For instance, to deliver 2 W to a®0ead using a and Rjcaq Will setr and@; in (1). Then (2) can be used to cal-

drain voltage swing of=2 V, a minimum impedance-transfor-culate the value of the inductak,,. Knowing L,,, the capacitor

mation ratio of 1:50 is necessary. value can be selected using the following resonant condition:
In this _S(_action, we will present an analytical study of the 1 wL, wL,
power efficiency of some common impedance-transformation O 1 = T~ wly. (3)
networks as a function of their inductor unloaded quality factor Pl 1+
(Rload/“JLp) Ql

Qinq and their transformation ratio. As the quality factors of the
on-chip capacitors are significantly higher than that of the in- While complete models for on-chip inductors have been de-
ductors, their losses are not considered here. vised [22], the loss of a one-port inductéf- at a single fre-

In this paper, we will not consider conventional quarter wavefuency can always be modeled using a single parallel resistor
length transmission-line transformers or power-combining tecRy,, or by using its unloaded quality fact@i,q defined as
nigues, such as Wilkinson combiners [18], because the very high R
loss of the on-chip silicon transmission lines [19] makes them Qing = —2
impractical for use in power amplifiers. wlyp

(4)

at the frequency of interest. Fig. 2 shows the resonant

A. Resonant Impedance Transformation impedance-transformation network with the simplified

LC resonant matching [18], [20], [21] is one of the mosharrow-band inductor model. The passive power transfer
straightforward means of impedance transformation. A singkéficiencyn of this network, calculated as the ratio between the
LC Section’ as shown in F|g 1, may be used to perforiﬂput RF power and the RF power delivered to the load can be
impedance matching. In some cases, it may be desirablec@nputed as a function @};.4, andr as follows:
cascade several such sections to enhance the efficiency. We Py
will analyze the single section and extend the analysis to the n 2
general multisection case. ' ViI2 /(2R

Using the single section network in Fig. 1, an impedance- _ __lF/2Rioaa)

transformation ratie is achieved with a parallel inductor and a Vil?/(2(Ricaal | Bep))

series capacitor. The dual network with a parallel capacitor and _ 1/Rioaa

a series inductor may also be used. However, a series capacitor 1/Ryp 4 1/ Rigaa

has the added advantage of blocking the dc current from flowing _ 1 5)
through the load, and a parallel inductor with a terminal con- - Rigaa

nected to ground lowers the energy coupling into the substrate 1+ wLyQind
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Power Enhancement Ratio, E

The efficiency is the ratio between the load conductance,
1/Rioaq, and total conductancel/R;, + 1/Rjoaq. The Fig.3. Required inductor reactance versus PER and indgefor a resonant

impedance-transformation ratidn the presence of loss can bd™pedance-transformation network.

easily calculated using (1) as a functionf&yf,, Rjcaq, unloaded
inductor@;,q, and total loaded quality fact@p,,;, hamely,

Rload
Rload | | Rl P )
I+ ngtal

=

(

where the total loaded quality fact@i4 is defined as

Rload | | Rl D

wlLy,

Qtotal = (7)

Equations (4) and (6) can be solveddaf,, in terms of the de-
sired transformation ratie, load resistanc&;.,q, and inductor

quality factorQ;,q, i.e.,

_ Ry, _ 2(Qind + 1/Qina)
" Qe " 72t T AGRGT

which can be used to calculate the valuelgfin the design
process. In practic&);,q and+ are both functions of,, and,

®)

. Rload

w- L

therefore, several iterations may be necessary to obtain the exact

value of L,,.
The efficiency of the transformation networkcan also be

calculated as a function @};,,q and» from (5) and (8)

2 4+ \/7’2 +4Q% (r—1) 1+ 72
ind 2 ind

For any matching network, we can define the power enhance
ment ratio (PERY as the ratio of the RF power delivered to th

load with a transformation network in plaég, . to the power

delivered to the load for the same sinusoidal input voltage souf&&

when it drives the load directl¥y;,ect, i.€.,

100%
80% + Qg =50
= 60% +
%)
o
2
£
o/ L E
] 40% Qua=15 _]
20% +
Qing =\5 Qing = 8\ Qng=10
0% 3 y 4
) 25 50 75 100

Power Enhancement Ratio, E

Fig. 4. Efficiency versus PER and induct@r for a single section resonant
impedance-transformation network.

Using the definition in (10) together with (4)—(6), we can
find a closed-form solution to calculate the passive network ef-
ficiencyr for a necessarg and available inducta®;,, as fol-
lows:

E—1 VvE

=1-"=1- . 11
K Qind Qind (1)
FurthermorewL,, can be calculated froly and@,q as fol-
lows:
R, < 1 1 )
w-L,=—"£ = — Riad- 12
" Qina VE—1 Qia/) (12)

Appendix A contains the derivations leading to (11) and (12).
Fig. 3 shows plots ofvL, versusE for several different
yalues ofQinq and a 50 load resistor?,.a for a singleLC
section. As can be seen from these graphs, for a PER of 50, a
ctance o512 is necessary if an inductor witf;,, of ten

is to be used.
Fig. 4 shows plots of) versusE for several different);,q

for a single section network. For instance, with a PER of 50 and
an inductor@;,q of ten, the matching networdonewill have
a maximum passive power efficiency of around 30%. This does

Unlike », PER accounts for the loss in the passive impedana®st include any loss in the active device, the driving network,

transformation ratio and is thus particularly important for lossyr the external connections. We can also see in the Fig. 4 that,
on-chip passive components in silicon technology. for a given inductor quality factaR;..q, there is an upper bound

‘PtI‘H.IIS
Pdirect

Pirec."'
= Ddirect 7 7727"77. (20)

E

Pdirect
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Fig. 5. Multisection resonantC impedance-transformation network with loss.

on the maximum achievable PER where the efficiency) be- 100%
comes zero. This maximum achievable PERsx can be cal-
culated from (11) to be

Eyvax =1+ Qg (13)

Equation (13) provides an upper bound on the valu&of 3 5
in a single inductor—capacitor section. However, it should bi a0t
noted that the efficiency would drop to zero as we approach th '
E\ax, making this bound unachievable.

A similar analysis can be performed for the more general ca:
of multisection transformation witlh segments, as shown in
Fig. 5. Assuming the same load enhancement r&fi&* for 0% 5 = s * 700
eachindividual section to have an overall PERhe derivations Power Enhancement Ratio, £

in Appendix A leads to the following expression for passive
efficiency: Fig. 6. Efficiency versus PER and induct@) for a multisection resonant
network. Vertical gray lines separate regions using different number of sections.

n n The best number of sectionsfrom 1—4 is chosen for the highest efficiency for
n= <1 _ Y b -1 (14) different PERs and inductdp.
Qind '

80% +

60% + |

ciency,

20% 4/

) ) ) section decreases rapidly as the desired PER increased as
The inductance value for thigh parallel inductol,, . inthe  geen in Fig. 3. More importantly, the transformation efficiency

chain can be calculated as follows: n also decreases quickly with higher PER as can be seen
1 1 in Fig. 4. In a multisection approach, the loss is improved
w-Lp = <m - de) Te,ignificantly.compared to the single-section netwolrk, but gtill
v k—1 increases Wlth higher PER, as can be seen frpm Fig. 6. This
_VvE/ -1 analysis provides the theory for what PA designers have long
(Qina - Rioaa.  (15) understood by intuition and experience. The I@vpassives
El/n o currently available on chip fundamentally limit achievable

power efficiencies at the 1-W level. No amount of complexity

In principle, the multisection transformation network has i an LC transformation network can overcome this.

!ower I.oss for high PER compared to a single S(_ectjon. Howevg, Magnetically Coupled Transformer Impedance

it requires a more complex layout and some of its '”d“CtorS_W‘flransformation

have very large or very small reactance compared to a single ) ] )

section. This results in a lower overall quality fact@€or the ~ BY magnetically coupling two inductors, we can create a cou-

network. Fig. 6 shows plots of versusE for several different pIed-mductqr t_ransformer. In a coupled-inductor transformer,

values of Qi for a multisection network. This figure only the magnetic field created by the port-1 currénthrough the

shows the efficienciegfor the number of sections leading to thd?fimary inductorL, generates a voltage in the secondary in-

minimum loss, so it can also be used to find the optimum numi@ctorL». At the same time, the current through the secondary

of sections. For example, we can see that with a PER of 50 alsgill magnetically induce a voltage in the primary circuit. The

aninductor quality facto®;.q of ten, the best matching networkPOrt voltages of the loosely coupled lossy transforiieandVs

will have threel.C sections and will have a maximum passivd Fig- 7() are related to its port currents through

efficiency of around 60%. Again, this figure does notinclude any 1 Ry + jwL, —jwM

lossinthe active device, the dc feeds, or the external connections. [ = [ . ) } . [
Equations (11) and (12) have important implications re- V2 Jol —Ry —jwls

I

L] ao

garding the necessary reactance, transformation efficiency, and M=k-v/Li- Ly
the PER. In particular, (12) suggests that the inductor reactance L, I, VW

necessary for this type of matching network with a single " L ~ L~V
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port1 Rt .1:". Ry Port-2 The transformer efficiency is the ratio of power delivered
Vi Vv, to the loadP., to the total power delivered into port-1 of the
hl || I.z network P,:,1, which is calculated in Appendix B to be
L XA Le _ -Pload
=
" Ptotal
() R;/n?
Ideal = 5 ;/ . (18)
Transformer <WL1/Q2 + Ri/n ) . wly + wly + R;/n?
o Rt UKL vy (k2 R pooo wkLy Q1 Q2

This ) is obtained assumingj; = L,/»? and using the op-

1:n

[ J
Vi -— N - \Z
“ timum value ofC; given by

%7 Y& wiCl = wLo. (19)

(b)

Equation (18) can be differentiated to obtain the optimum
Fig. 7. (a) Transformer model. (b) Transformer equivalent T-model.

value of L resulting in the highest possiblg which is

whereM is the mutual inductancé;,is the coupling factor; is Ry ARy

the transformation ratio, andis the turn ratio between primary why = 1 0 -T2 (20)
and secondary coils. Fig. 7(b) shows the equivalent model for n? | =5+ <L g2

the transformer of Fig. 7(a), where the lossy inductors of the 2 2

transformer are modeled by the equivalent series resigtors
and R, and net inductanceb; and L, for a single frequency

[23]. The quality factorgl; and @, of the primary and the A 1

secondary inductors can be calculated in term&pfand R, 71 Q .
respectively, i.e., /_2 4+ XL g2
2 2

QL =wli/R Qy=wly/Ry. (17)

where

(21)

Using this optimumL;, the maximum efficiency will be
The quality factors of the coupled inductors are slightly difgiven by

ferent from those of the individual inductors due to the current
redistribution that occurs on both inductors when they are cou- 1

pled. This effect is shown in the current density graph of Fig. 8, = 1 1 9 (22)
which shows the current densities in stand alone primary and ~ 1+2 <1 + 0.0 k2> 0,012 + 0,052
secondary loops as well as the redistributed current densities due 12 12 12

to their magnetic coupling. These graphs were obtained us

the Sonnet electromagnetic simulator [24]. ‘e above equation shows that passive efficiencgn be max-

imized using & as close as possible to unity. This is because the

a ;hﬁiiiaaﬁgeeﬁggu;;a{;;@; rkaeerlaar? ddgac_o]:]i? C?:atgﬁcesgpaller thek, the larger fraction of the primary inductor current
9 P y y 1, will go through the magnetizing inducté.; and, hence, a

the coupling factok: is small. The factof: is low fp_r on-chip lower power will be delivered to the load resistor. More impor-
spiral transformers because of the low permeability of the core

. . . tantly, unlike resonant matching, the transformer efficiency is
material (e.g., Sig) and the planar geometry that results in Iargﬁot affected by the transformation ratio, as seen in (&, 10
magnetic field leakage. ' i

. . . ._shows how the transformer efficiency is reduced when the reac-
If the transformer is used to achieve output matching in.a . . :

e tance of the inductor is above or below the optimum value de-
power amplifier, it will be necessary to resonate some of th

Vs o X O i rmined by (20). Several plots gfversusw L, are shown for
gjgssézmer:%:gdggtt;?icff m;r::g?;(zgtrf ::Zssé;gf ii, ﬁslcstc;sn‘i'gl:SO{z load and a peak PER of 50. For each plot, a fixedis
P ' P used in order to have PER 50 for peaks. In these plots(},

essary on the primary side of the transformer to adjust its inp{y d0, are assumed to be equal to facilitate visualization.

reactance to the desired value for the driving transistor. This canp, o equivalent input admittance of the transformer for the

be done using a parallel capacitor on the primary and another ca:. .
pacitor in series with the secondary, as shown in Fig. 9(a), aggtgll;g (;/ ?clyut?: oft and L, given by (19) and (20) can be

its expanded form using the equivalent T-model in Fig. 9(b).

Now, we can use the equivalent model of Fig. 9(b) to cal- 1 . 01 n? 1
culate the transformer efficieney the best value of the series Yin = Zi = Gin+jBin = 0. <E +‘7w—L1) (23)
matching capacito€’;, and the best inductor valués and L, ﬁJFQ?

for the lowest loss as a function of the load resistafigeind
other transformer characteristics. 1Except to the degree thét , L., k, 1, andQ-, change withr.
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Fig. 8. Current densities in planar one turn inductors and a planar transformer.

Transformer Model

Fig. 11 shows plots of versus, and@- fork =0.4,0.6, 0.8,
andlusing(22). Asanexample,toobtainatransformationratio of

Portt | tn, v, Ri .1:“. Re 1, 50withprimaryandsecondaryinductor quality factorsoftenanda
1 kof0.6,thetransformer primary circuitshould have animpedance
'11 ” Ilz C of approximatelyi j2 atthe frequency of operationto achieve the
C. Li[x_ate highest efficiency. In this case,should be approximately eight
M R and the best achievable passive efficiency is 70%.
Although asingle series capacitor with the load can provide the
%7 %7 necessary negative reactance to resonate the inductive output of
@ the transformer, an additional capaci€ay,; parallel to the load
T (Fig.12)canbeusedtoadjustthereal partoftheimpedanceseenby
ransformer T-Model . .
Rin thesecondary ofthe transformertoloweritsloss. Thisextradegree
. Ri (KL (1-La/n? of freedom can be used to obtain a lower turn ratand a lower
Port-1 | tin, v, 1 1 Vm Vo . . . .
primary inductancé., for a given load resistance and PER
2 Equations (22), (24), and (25) determine the optimum value of
e nandthe resultadf andn for C,,; = 0. We canrecalculatethese
Cs parametersforthe otherlimiting case, wiigislarge(C; = ),
Rifn? using (10), (16), (19), (20), and (24). The new PER
2
Er (14 A2) o9 _ (26)
(%+0.)
Fig. 9. (a) Transformer model with load and tuning capacitors. k
(b) Transformer equivalent T-model with load and tuning capacitors. which is obtained for &, and anL, given by
. . 1 ARy
We now calculate the transformer turn ratidor a desired =
. . wCout 1 + A2
PERE using (10) and (23) using the assumptigi); Q, > 1 R
wli = ——< —21 (27)
R n2Q, (1+A2%) n
E=nmga—~ =1 (24) _ _ _
(1/Gin) Q1 The new input admittance is
kQ + QQ
1 Ql 712 . 1
2 Yin ~ . A =+i— . 28
n oy | B/ +Q2) (25) 1+42° Q <R1+JwL1> (8)
nQ1 =t Q2
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Fig. 10. Efficiency versus primary inductor reactance normalized to load resistance, inQuetiod coupling factok for a transformer with loss.
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Fig. 11. Efficiency versus primary inducté},, secondary inducta®-, and coupling factok: for a transformer with loss.
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Fig. 12. Transformer equivalent T-model for analysis with load, tuning capacitors, and extra tuning capacitor in parallel to the load.

The new turn ratio in this case will be terms of quality factors. The maximum PER is achieved when
C; is very large. This maximum PER given by (26) is+ A?)
times larger than (24).
1 E(Q1/k? + Q) In the design process, we start from a given transistor and a
nA 14+ A2 noL : (29) given power level that has to be delivered to the load. These two
conditions determine the desired value of the FERONce this

The efﬁCienCYﬁ of this new setup i$ still given by (22). NOte. 2In practice, there is no need f6k, as the transformer dc isolation between
that plots of Fig. 11 are still valid since they are calculated ihe input and output ports allows us to short cirefijt
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E is achieved, there is no point in increasing it beyond the ran £ of 50 into a 50%2 load is approximately 80 pH at 2 GHz.
quired value, and we should maximize the efficiendpstead. Inter-winding these short primary metal lines with the multi-
As can be seen from (29), the addition of the parallel capacitmrn secondary forces them to be very narrow. Unfortunately,
Cou; makes it possible to use smaller turn ratidor a desired this reduces the&) of both primary and secondary circuits,
E. Typically, a lowern results in a higher quality factor in mag-significantly. Noting the limitations of these two conventional
netically coupled transformers, which translates to a higher é@hpedance-transformation methods, we introduce an alterna-

ficiency, as can be seen from (22). tive solution, which does not suffer from these shortcomings.
A capacitorC; parallel to the transformer input completes
this circuit. It tunes the reactive part of the transformer input IIl. DAT

impedance to the desired value appropriate to provide the re-

quired drain or collector impedance for the chosen class of theThe analysis in these last two sections show that if we could

amplifier3 Increase the transformer turn ratiowhile maintaining a con-

- ; t@2, we could achieve a high efficiency for large PER, as
Using the above analysis, we can compare the performar?&%n )
of a magnetically coupled transformer with &g-based res- suggested by (22) and (24). Unfortunately, the quality factor

: ; - : : ffers if a large turn ratio is to be used for the reasons that will
onant impedance transformation discussed in Section II. U © : ) :
P be discussed in Appendix C. Also (20) shows that the required

like the resonant.C matching circuit, in a magnetically cou-. . . :
mpedance level at the input can become impractically small for

pled transformer the efficiency does not depend on the PEI% ; L .
E and, hence, does not drop for larger output power level ge turn ratios because it is inversely proportionalioThese
’ ' ' Qbservations leave us no choice but to use lower turn ratios. In

can be seen from (11) and (22). The implicit assumption is tHarSe! ) ) . :

the quality factors do not change with largerwhich may not !oracnce, b Iowesfc lOSS. can b.e achieved for a.l : 1 ratio, V.Vh'Ch

be correct as mentioned earlier. These equations shown gra{ I%ISO Very appea]mg since high-coupled s.,lab. inductors dis-
gssed in Appendix C can be used to realize it.

ically in Figs. 6 and 10 also show that for a PER above 15, t While 1-11 f desirable for the ab it
magnetically coupled transformer provides a higher efﬁciencg/ e 1: Ltranstormers are desirable for the above reasons, |
. . IS obvious that we need more than one 1 : 1 transformer to obtain

7 than the resonant matching for a givgn : . . .
any impedance transformation. A high PER, can be achieved

This difference in behavior arises from a fundament N ind dent1-1 ‘ b ina th
difference between theC resonant and magnetically coupledjs'ng Independent 1: 1 transformers by connecting the sec-

transformer matching, which can be understood using a sim rédary circuits in series, as shown in Fig. l3(a).and (b). In.
model. In both approaches, in order to achieve a high PE is arrangement, the ac voltages on the secondaries add, while

the input ac currenfy, has to be larger than the output aéhe primaries can be driven at a low voltage by separate active

current I, and the output ac voltage,,, has to be larger QeV|ces. It should be noted that this configuration still has an

than the input ac voltag¥,., both approximately by/r.4 In impedance-transformation rati¥. Additionally, as there are
a resonant matching network, the loss is proportional to trzu\é devices being power combined, the PER of such a (lossless)

i 2
product of I;,, and V.., which are both large. On the otherStructure Isiv=.

hand, while in a magnetically coupled transformer, there a\reun"ke loop or spiral mduc’;orfs, the two termlnals_ OT a slab
two loss components, namelfy, - Vi, and I V. each inductor are not in close proximity of each other. This inherent
’ © ¥in out ° Yout,

one is smaller than the single loss component in the case Jrgperty adds_ extra constraints to how the_y can be gsed. Forex-

resonant matching by’r. Therefore, loosely speaking, the |OS§?1mpIe, if one is to T“a"e a paralleC tank using alslab |nductor_,

of the resonant matching circuit is larger by a factox6f/2. the pa“f""e' capacitor cannc_)t be connect_ed qsmg_regular Wires,
In a properly designed impedance-transformation netwofk fhf 'Phdl:Ctﬁ?]ce Iar;d_ fs'?tan_?ﬁ Ofbt his W|ref lw ll Ibe compa(—j

using magnetically coupled transformers, the reactance of fij'© 10 Inat ofthe siab Inductor. The absence ot low-loss groun

primary inductors L, is approximately the load resistance thap'anes in silicon technologies exacerbates the situation and de-

should be seen by the active device, as seen in (20). Similaf ) d‘?S the quality factor of a slab inductors, if they are config-
the reactance of output inductotsL, will be approximately ured in such a way that the return current conducts through the

the load resistance. Additionally, a negative reactance in ser?é@sérati'l diff tiatiri ve thi blem i
with the load is necessary to achieve the highest possibléa‘ ouble differentiabirive can solve this problem In a power

efficiency. This negative reactance can be generated b)fa plifier. A virtual ac ground is created in the middle of the slab
combination of a series and a parallel capacitor, as shownii uctor if differential push—pull transistors drive it. This virtual
Fig. 12. These observations are particularly important for s g_round can be used as a d? feed forthg power supply, maklng
DAT structure introduced in the following section. the impedance of the dc biasing networking inconsequential as
The disadvantage of a magnetically coupled transformerf?sr as the differential signal is concerned. The differential drive
the low primary inductance necessary to achieve the high g{ves only half of the problem as the ground connection for

efficiency. If spiral transformers on a silicon substrate were f _ehdnvw;]g 'ttrhan3|ﬁt9r3 are not g(t)m? to be in close %r%xmny
be used, the small primary inductance results in extremely shifit ‘each other. [L1s necessary 1o form an ac ground Dby con-
ting the two transistor grounds to stop the ac current from

metal lines. For instance, the necessary inductance to achiﬁ%. . .
owing through the lossy ground line and, thus, induce extra

3Although the tuning capacitor could be placed in series, biasing issues ukpss. Again, a wire cannot be used to form this ac ground, as
ally favor the parallel setting. However, the series arrangement has the advan}fgemductance will be comparable to that of the slab inductor it-

of resulting in yet smaller.. . . . .
4in a transformer, /7 & n. self. This problem can be solved by a double-differential drive



® inductors [see Fig. 15(b)] has exactly the same effect since the
oo — G VA Y voltage across the capacitor will be identical to that of a ca-

1:1
[@m—| pacitor in parallel with the slab. The output matching capacitor
v
N-1
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| 1:1 1:1
Cou; Can be simply placed in parallel to the load, as illustrated
" " in Fig. 15(b). A representative drawing of this structure with
eight NMOS transistors and four slab transformers is shown in
1 2 N Fig. 16.
(a) A modified version of the transformer analysis described in
° Section Il can be used to analyze the DAT. The new required

l 1:1 1:1 1:1 1:1 o;put

oo —] primary inductance and the effective input admittance are given
v by
: 1 AR
Li=—~———— 30
N N v &/ e (1+42) N (30)
1 Q1 <N o1 )
1 2 N1 N Yin &~ . | =+i— (31)
2
(b) 1+ A4 % O, R Ywl

Fig. 13. (a) Fundamental building block of DATY independent power
sources combined in series through transformers with turn ratio 1:1. where N is the number of combined transistors. The new ex-

(b) Same diagram using coupled slab inductors as the transformer. pressions fowL, andY;, in the presence of; andC, can be
o o ] derived using a similar derivation to that of Section II.

shown in Fig. 14, where each driving transistor has an oppositerne definition of PER can be generalized to the case of a
phase to companion adjacent to it. In this case, the ac currgfiiching/transformation network with multiple input ports. In
flows through the adjacent transistors and hence an ac grounghig scenario, it is natural to define the PERas the ratio of
created at their ground connections. Finally, to provide the sag@ rRp power delivered to the load with the network in place
virtual ground for the two active devices at the ends of this comp:  to the power delivered to load for one of the sinusoidal
bined structure, it can be wound to form a DAT, as depicted iRput voltage sources driving the load direcfy,.. Based on

Fig. 15(a) for slabs. Although this winding will reduce tt® hjs definition, the PER for the DAT can be calculated to be
of the inductors, due to the negative magnetic coupling between

opposite sides of the polygon, this effect is significantly lower E= Pirans (1+ A7) N?Qy (32)
than winding each transformer individually as the dimension of T P K Q1 '
the total structure is much larger. The schematic of Fig. 15(a) L2 +Q2

shows the central concept behind the DAT structure. In this con-
figuration, the impedance-transformation and power-combiningFinally, the efficiency will be the same as the efficiency of a
functions are achieved concurrently. Also all the dc currengéandard transformer matching circuit given by (22).
are provided to the amplifier through virtual ac grounds, which Several very important observations can be made about the
makes the amplifier insensitive to the means used to supply fB&T, when compared to conventional impedance-transforma-
dc voltages (e.g., length of bonding wires). tion networks.

The DAT combines the relatively high primary inductance of 1) The PERE of the DAT is proportional to the square of the
the LC matching networks, the PER-independent efficiency of ~ number of transistor®/, as shown by (32). This is com-
a magnetically coupled transformer, and the high quality factor ~ parable to the PER of a standard transformer matching
of slab inductors, while providing an effective means of power circuit with a turn ration given by (26).
combining. In the DAT structure the loss is reduced because the2) Comparing (27) and (30), it can be seen that the primary
voltages add on the secondary to combine power. Thus, the total inductanceL; will be N times larger in the DAT than
ac current through the secondary inductor of the DAT is smaller  the standard magnetically coupled transformers. This will
than the current through tHeC matching inductor by a factor allow the DAT to use values that are more practicalligr
of /r. Since the impedance of the DAT secondary is larger than  at the input ports.
the LC matching inductor by the same factor, the loss of the 3) In the DAT, N transistors generate the power and, there-
DAT is smaller than that of theC match by approximately a fore, each active device needs to deliver a smaller power
factor of/r. Additionally, while large currents do flow through to the passive structure. This difference manifests itself in
the magnetizing inductors of the primary circuits in a DAT, the (28) and (31), where the input conductance of each port
low-loss slab inductors minimize the associated loss due to their  in the DAT is NV times smaller than the input of a standard

higher@. magnetically coupled transformer.
As discussed earlier and shown in Fig. 9(a), the transformer’s4) Unlike LC-resonant matching networks, the loss mecha-
input shunt capacito€’, is necessary for the transformer to nism of the DAT structure is independent of the PER to

present the proper impedance to the active device. As mentioned the first order. It is noteworthy that standard magnetically
earlier,C, cannot be placed in parallel with the slab inductors coupled transformers benefit from the same advantage.
because of the physical distance between its terminals. How-5) The geometry of the DAT makes it possible to use 1:1
ever, placing capacitors between two adjacent ends of two slab  slab transformers. In the DAT, we can make the primary
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Fig. 14. N independent power sources combined in series thrddghtransformers in double-differential configuration with grounds shared between adjacent
power sources, except for the first and last sources in the chain.
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(a)N independent power sources combined in series thrdvigh
transformers in double-differential configuration with grounds shared betwe

Fig. 16. Representative drawing of a complete DAT with 8 NMOS transistors.

a factor of ¥ due to the more even distribution of the
active device area across the chip.
8) The currentin the secondary of the DAT is approximately
N times smaller than il.C-resonant circuits, which al-
lows narrower metal lines to be used on the secondary.
Table | summarizes the performances of each one of the dis-
cussed power-combining, impedance-transformation and har-
monic tuning techniques.

IV. A DESIGN EXAMPLE

In this section, we will demonstrate the design process of a
2-W power amplifier using 0.3m CMOS transistors with a
drain breakdown voltage around 6 V. The passive parameters of
this process are summarized in Table II.

For reliability, we should leave some margin for the max-
imum drain voltage to avoid junction breakdown. For this reason
we limit the power supply to 2 V. To achieve 2 W output power
ipfo a 5042 load with a 2-V power supply, we need a PER higher

every adjacent power sources using the circular geometry. (b) Same diagthran 50. For this design example, we have chosen a center fre-
with cross-connected drain tuning capacitors and output capacitor.

quency of 2.45 GHz.
Now, let us compare the performance of the three different

slab inductors wide to lower their series resistance. Thisethods of power enhancement discussed in Sections Il and IlI.
reduction of loss in the primary is particularly importanffo obtain a PER of 50 using resonant impedance transforma-
because large magnetizing currents flow in the primation (Section 1I-A), we need to use a three-stage network, as

circuits.

determined by Fig. 6. For this frequency and power level, the

6) The two terminals of the slab inductors are not in clogéree inductors can be calculated using (15) to be 1.6, 0.35, and
proximity of each other. The DAT uses a double-differer.075 nH. To obtain an estimate of the efficiency of the passive
tial drive to be able to incorporate slab inductors into theetwork, we can use ASITIC [22] to optimize these inductors,

design.

resulting in quality factors of 14, 10, and 3, respectively. The

7) The distributed nature of the DAT can improve thgeometric mean of these quality factors can be used to approx-
thermal dissipation capability of the active devices up tionate the efficiency of the passive network using Fig. 6. With a
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TABLE |
COMPARISON OFCHARACTERISTICS OFSEVERAL LUMPED IMPEDANCE MATCHING AND POWER-COMBINING TECHNIQUES
; Lowest Highest Ind H :
Power Drain nductor armonic
PER (E) n s Inductor Inductor
Combining | Impedance |mpedance | Impedance Type Control
Slab and Classes
Independent R R .
DAT o N2 4 N Lo, o, ~R single  |A, B, C E/F,,
of £ (22) JE JE load s -
tumn spiral | and inv. F
Classes
Independent i
Transformer o« n? of% 22) 1 R["T"d &1‘-’9—"1 ~ Rypaq tu Multi | A, B, C E/F,,
m spira and inv. F
. 2 .
Single Rivad | YE-I 1 Ripad Rigad Rioga Single Classes
LC-Resonant oL, Oia E JE JE turn spiral | A, B,and C
1 n
i o ‘/ " R R .
Le lf\{/lultl Rioad (_NET -1 1 Rioad —toad_ el Single Classes
-Resonant 0Ly, Oina E £ £ turn spiral | A, B,and C

where N is number of active devices combined in DAT, » is the turn ratio between primary and secondary circuits when
referring to a transformer and the number of sections when referring to a multi-section resonant network, and £ is PER.

TABLE I ondary inductor with approximateB0;$? (3.3 nH at 2.4 GHz)
PROCESSCHARACTERISTICS and seven turns without reducing the quality factors. Due to
- the physical layout constraints, these standard transformers will
Technology 0.35 pm BiCMOS have a very narrow metal width and/or a reactance significantly
Oxide thickness to top metal | 4.2 ym higher thanl j€). Due to these limitations, passive efficiency of
Top metal sheet resistance 10 mQ/O these impedance-transformation networks will be much lower
Metal 2 sheet resistance 66 mCY0 than the theoretically predicted upper limit of 68%. _
Now, we can compare theC-matching and coupled-inductor
Metal 1 sheet resistance 66 mv/D transformers with the DAT structure. Since the primary of the
Substrate conductivity 8 Q.cm DAT consists of a slab inductor, it achievegj)aof more than
Substrate thickness 400 pm 30 in this process technology. The secondary loop of the DAT
Top metal thickness 3 um structure has & of ten and coupling coefficierit of 0.6. T_he
- secondary parameters are comparable to a standard spiral trans-
Metal 2 thickness 0.5 pm former. Using (22), we predict a theoretical passive efficiency
Metal 1 thichness 0.5 pm around 82%, for the DAT structure. As can be seen, The DAT

achieves a higher passive efficiency than the resonant and stan-

dard transformer networks. Also, the double-differential drive
mean( of 7.5 the efficiency of the passive resonant matchiref Fig. 15(b) generating multiple virtual grounds makes it pos-
network will be less than 50%. Even using a sing@section sible to implement a DAT on a lossy silicon substrate without a
with an optimura inductor@ of 15, Fig. 4 indicates that passivesignificant reduction in this theoretically predicted passive effi-
efficiency cannot exceed 52%. Note that this is the efficiengjency due to biasing and ground connections.
of the passive network alone assuming that ideal ac grounddo verify the feasibility of the DAT, the structure of Fig. 16
can be provided and layout issues and parasitic components\ds simulated using Sonnet [24]. The primary slab inductors
not limit the performance. In practice, a resonator based pasdiae a of 30, while the of the secondary loop is around
network will have an even lower efficiency, for such high PEReight. The electromagnetic simulations show a PER of 65. This

The second alternative is a standard coupled-inductor tratr@nslates to a maximum achievable output power of 2.5 W with

former. If we assume a typical inductd) of eight and a cou- a 2-V power supply. The simulated DAT passive efficiency was
pling factork of 0.6, we can obtain an efficiency of up to 68%,70.5%. This in combination with the active device efficiency
based on Fig. 10. Although this is higher than that of resonaeit67.5% (operating in fully saturated clag¥ I'; mode [25])
network, it is extremely difficult (if not impossible) to layout aand a compressed gain of 10 dB, result in a PAE of 43%. The
moderate®) short and widel jQ2 (70 pH at 2.4 GHz) inductér predicted drain efficiency is around 48%.
for the primary circuit and simultaneously inter-wind a sec- This truly fully integrated CMOS power amplifier was

fabricated using 0.3m CMOS transistors. The measurement

5This is the best value that could be obtained using Sonnet [24] EM simulat 0 . :
for a spiral inductors in this process. ©hows a PAE of 41% with a maximum output powerff,;

6The ASITIC optimized@ of this spiral inductor without the secondary isOf 19W on a 2-vV pOV_Ver SUPP'Ya as shown in Fig. 17. The
around three. amplifier has a small signal gain of 14 dB and a compressed
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25 50 TABLE I
SUMMARY OF MEASURED AND SIMULATED AMPLIFIER PERFORMANCE
207 140
—_ ’ _ Pout n PAE | Gain |nactive |r passive
a 15 30 R W) | B | (%) | (dB) (%) (%)
£ E):J
® 10 4 L 20 Measured
o o : ] 19 48 41 8.7 e —
— Gain[dBJ; Differential
- (+) . 4
5 = PAE[%]: 10 Measured 22 35
Unbalanced : 31 8.5
0 t t } 0
0.0 0.5 1.0 1.5 2.0 2.5 Simulated
P [W] Unbalanced 25 48 43 10 67.5 70.5

Fig. 17. Measured gain and PAE versBs,; of the DAT power amplifier
when driving a differential load. amplifiers distributed across the chip without using additional
components. This new concept combines in series several
push—pull amplifiers efficiently by extensive use of virtual ac

GATE BIAS 9. ' 9 grounds and magnetic couplings.

APPENDIX A
RESONANT NETWORK EFFICIENCY COMPUTATION

To calculate th&.C matching network efficiency as a func-
tion of £/ and (2,4, we eliminate the terms and» from the
definition (10) using (5) and (6) and isolate the tetrf{1 +

Rioaa/Ryp) as follows:
Rload ) 2 2 <R10ad ) 2
1+ + Q1
< Rlp Ql . Rlp

o Rload 2
Fig. 18. Microphotograph of the measured DAT power amplifier. <1 R_lp>
(A1)
gain of 8.7 dB at 1.9-W output power. Its drain efficiency is 1 E—1
48%. The input and output are both matched td5@vith an T Riwa 1= Qimd
input reflection coefficient of-9 dB. The 3-dB bandwidth is 1+ R,
510 MHz centered at 2.44 GHz. All harmonics up to 20 GHz v
were more than 64 dBc below the fundamental. An on-chip This isolated term ig by (5)
balun allows for a single ended 3®input. The same amplifier 1 VE—1
also provides a PAE of 31% with an output power of 2.2 W for n= I =1- . (A.2)
an unbalanced 5@-load. The die size was 1:3 2.0 mn? and 1 4 oad Qind

its microphotograph can be seen in Fig. 18. Rap

Judging by the measured efficiency, we believe that everyEquation (A.2) stands a¥ is approximately square of
eight transistors are receiving fairly in-phase signals when thg JwL, andQiyq is Ry /wl,.
power amplifier is driving a symmetric differential load. On the SubstitutingR;,, in the definition (4) using (A.1), we can find
other hand, the lower efficiency measured with unbalanced loa@g|ytion forwL,, as shown by (12).
is likely due to a phasing problem caused by an undesirableror the multisection case, we have
asymmetric feedback from the output.

A summary of these results can be seen in the Table Il n= ];‘)’“t
=M e
V. CONCLUSION - 1 JE =T
A fundamental analysis of the loss mechanisms of the =({1- Qind 1- Qind

conventional on-chip impedance-transformation networks < o
R (. i ) (A.3)

and their limitations are performed. We conclude the study —
with a description of the characteristics of the DAT. DAT Qind
is a new impedance-transformation and series power-comdf we assume that each individug},’s are equal, we have
bining architecture, which offers the advantagesL@f and

coupled-inductor matching simultaneously. Furthermore, it E=E\Ey--- By (A.4)
presents the advantage of power combining in series several Ei=E,=---=E,=FE'/" (A.5)
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and from the above, we obtain To maximizen in the above expressiody; should resonate

" L, at the frequency of interest, i.e.,
n= -

Qind (A.0)

1
o,)Cl = wLQ. (B3)
The total efficiency of the network is the product of the effi- _ . L )
ciency of each stage. Simultaneously, if the total PER,ishe ~_ This condition minimizes the curredt through&; and its
PER of each stage will bEL/". Analyzing the Fig. 5, we can dissipated power by resonating the inductdrs- k) L»/n? and

calculate the inductor value for each stage in a similar way ashif1 With the capacitolC;.

a single section network AssumingLy = Ly/n? and using (17) and (B.3), we can
further simplify (B.1) to

By 1 < 1 1 )

w-L = = = — - Rloa A7

"1 Qi VEUn -1  Qina toad (A7) = Ry /n? (B.4)

Ry, 1, 1 1 (wLy/Qo2 + R1/7‘L2)2 wlhi  wlq 5

[ Lp,k = = — . Rin, (k—1)- 5 ) + + RI/TL
(Qina VEUn -1 Qina (wkLy) 1 Q2

A.8
(A-8) which is obtained by dividing the equivalent load resistance

From (1), (A.1), and (A.2) we have R;/n? by the sum of three equivalent resistances, which are
Ry/n?, R;/n?, andR; reduced by the ratid; /I,.

VEUn —1
_ Qind APPENDIX C
Rin, 1 = El/n Hin, (-1 (A-9) DESIGN OF ALOW IMPEDANCE INDUCTOR

From (A.7), (A.8) and (A.9) we have Inductors are essential blocks to design various forms of
impedance-transformation networks and their properties can

w- Ly = < 1 ! ) significantly affect the performance of such networks, as

’ VEU" =1 Qina discussed earlier.

VEUR 1\ ¥t Spiral inductors [12], [15], [22] have been widely used in

T Oma radio frequency integrated circuits. They can be single-turn or

—gm Rigaa-  (A.10)  multiturn, as shown in Fig. 19. For a spiral inductor the negative
magnetic coupling between the opposite sides of the polygon
lowers its total equivalent inductance. However, this inductance
reduction by negative mutual coupling does not occur when the
APPENDIX B distance between the opposite sides of the spiral is significantly
TRANSFORMEREFFICIENCY COMPUTATION larger than the mirror current penetration depth of the transmis-

sion line in the substrate.

In a single turn inductor with larger spacing between its op-
posite sides, the substrate (back plane) mirror current limits the
inductance per metal length. Therefore, it behaves similarly to a
microstrip transmission line of the same length. Also, the prox-

The transformer efficiency is the ratio of power},,q dissi-
pated in the load resistanég and total power’,, dissipated
in Ry, Ry, and Ry, shown in (B.1) at the bottom of this page
where

R o— Ry - Ry (B.2) imity of the opposite terminals of the inductor provides an al-
27 p2 1T 2T ' ternative current path through the shunt-capacitors and the sub-
strate that increases the loss.
n= -Pload

a Ptotal

_ |L[* - R

LR+ LA (Ry + RY)

_ L - B

|+ v PR + | L2 (R, + RY)

B R+ R)? + (wLa/n? — 1/(n?wC)))? '
pp (FatH Ry + |L|*(R) + R,
2 S B (R + )
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Inductance vs. Width
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Fig. 19. One-turn planar spiral inductor and multiturn planar spiral inductor.  ¢.5 - . . :
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Fig. 21. Inductance of a transmission-line inductor versus metal width for
constant metal length (15Q6m).

Qvs. Length

GROUND PLANE 1000

Fig. 20. Short transmission-line inductor with one terminal grounded on a

dielectric substrate with backside ground plane. 100 w=1280
W=640
If we use more than one turn to form a spiral inductor, the % weien
positive magnetic couplings between the conductors in the same 10
side of the polygon enhance the total equivalent inductance.
We can also build an inductor using a short transmission line 14 ; . . : ;
with one of its terminals short-circuited to the ground, as in 200 700 1200 1700 2200 2700 3200

Fig. 20. Standard transmission-line analysis can be used to cal-

) o length [um]
culate the inductance and theof this inductor [18] as follows:

1 3 Fig.22. @ ofatransmission-line inductor versus metal length and metal width.
Zind = Zo -tanh(y - 1) & Z, (v -1 — 5(v - 1)°) (C.1)

whereZ, and~ are transmission line’s characteristic impedandglicon process using a planar E/M simulator [24]. Fig. 22

and complex propagation constant given by shows plots of¢} versus! for different values ofw. The
process characteristics used in the simulation can be seen in the
7 _ R+ jwl Table 1ll. Fig. 22 shows that series metal resistari€eis the
VN G+ jwC dominant loss factor for a narrow line (smal) and, hence,
- - Q is approximately constant as a function/ofhis is because
¥ =V(B+jwL)(G + jwC). (C-2)  poth the series resistance and the inductance are proportional
In which R + jwL andG + jwC, are the series impedancd® {, thus their ratio2 remains constant, i.e.,
and shunt admittance per unit Iepgth, respectively. Equation In(Zina) wL-1 wL
(C.1) shows that the inductance is proportional to the trans- Q= Re( Zona) X TR (C.3)

mission-line characteristic impedance and its length. If the
substrate has a low resistivity (e.g., in silicon), the loss terms inOn the other hand, the shunt eleme@tis the dominant loss
(C.2) will be large, which results in a relatively small inductofactor for a wide line (largev). In this case) decreases almost
quality factor. In practice, it is very difficult to obtain analyticalquadratically with increasing because both the series induc-
expressions for these loss components due to the nonuniforniitgce and shunt-conductance scale Witte.,
of the conductor and substrate mirror current components, and (Vi)  1/wE -1 1
one should resort to simulation methods [26]. Q= nd/ - = .
For small lengths, the inductance of the microstrip trans- Re(Yina) G-l wLG -1
mission-line inductor is proportional to its lengthas shown Fig. 22 shows this behavior, whet@ for w = 10 um is
in (C.1). Also, smaller line widthu increasesz, and, hence, gimgost constant with, while it drops with! rapidly for w =
raise the inductancé. However, the dependence is weakefag ;m. Consequently, we can conclude that microstrip in-
than linear due to the mutual coupling between parallel CU”QﬂlﬁctorQ increases with increasing when it is short and)
components on the line. This behavior is shown in Fig. ZJegrades with increasing when the line is long, as illustrated
where L is plotted versusw. This plot was obtained for a i Fig. 22.
7The multiturn spiral inductor also suffers from a larger parasitic capacitance Based on this argument, we can find theand! that maxi-
between adjacent turns that lowers its self-resonant frequency. mize the@ for a desired inductance. This optimugnis plotted

(C.4)
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Q vs. Length
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Fig. 23. @ of a transmission-line inductor versus metal length or metal width and inductance. In the first plot, for each metal length, the width, which provides
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Q vs. Width
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the selected inductance, is chosen. In the second plot, for each metal width, the length, which provides the selected inductance, is chosen.

as functions of andw in Fig. 23. The lower the inductance, the
wider and shorter the optimu® inductor. It should be noted
that the optimum} of a slab inductor with small. is much
larger than typical quality factors of large spiral inductors, as
shown in Fig. 23.

Based on these results, we can compare the three differerff

types of inductor, namely, slab, single-turn, and multiturn in-
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ductors. The following guidelines can be used to obtain the bests] W. Simbiirger, H. D. Wohimuth, P. Weger, and A. Heinz, "A monolithic

type of inductor in most practical applications.

If for a given L the reactance of a slab inductoL is much
smaller than the transmission-line characteristic impedéaice
it will have a higher@ compared to spiral inductors. On the

other hand, if the desired reactance of the inductor is larger or

comparable taZ,, multiturn spiral inductors should be used.
One exception is when the transmission line is very low loss.
In this case, a single ended highinductor can be obtained

using a transmission line shorter than quarter wavelength wit

still preferred.

Another issue is that the terminals of a slab inductor are not
adjacent to each other and this may preclude their use in cer
tain applications. It is interesting to note that the slab induc-
tors always outperform single loop inductor in termgbéand,

are necessary.
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