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Ka-band wideband power amplifier MMIC
using capacitive coupled matching structure
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Abstract: Adopting the capacitive coupled matching structure, a Ka-band wideband three-stage power amplifier
(PA) MMIC was designed by 0. 1um GaAs pHEMT process in this paper. To facilitate the design of wideband
PA, a set of formulas was proposed to analyze this matching structure. This structure achieves wide operating band
and high power-added efficiency (PAE) simultaneously in the presented PA. The measured saturation PAE is upon
30% over 32 ~40 GHz with 20 dBm output power and more than 15.5 dB power gain, which demonstrates the ef-

fectiveness of this design skill.
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Introduction

The demands for high ranging resolution and ima-
ging accuracy of radar have motivated the need for wide-
band wireless front-end''’. The wideband power ampli-
fier (PA) is the key component of front-end. The output
matching of PA is the most significant to its performance.
The two most commonly used wideband matching topolo-
gies (inductive coupled matching and capacitive coupled
matching) can be analyzed by coupled resonator theory.
The analysis of inductive coupled matching (i-matching)
was proposed in'?! with a wideband PA for verification.
However, the bandwidth of i-matching is limited by the

Received date: 2016- 03- 15, revised date: 2016- 06- 29

parasitic drain inductor ( presenting high reactance at the
high band of millimeter wave ). This bandwidth limitation
can be solved by a lossy i-matching with embedded resis-
tor”®’ | but it is only suitable for low noise amplifier not
for PA.

In this paper, the different operation mechanism of
capacitive coupled matching ( c-matching) is also ex-
plained by coupled resonator theory. The comparison in-
dicates that c-matching can overcome the bandwidth limi-
tation of i-matching at the high band of millimeter wave.
Besides, to facilitate the design of wideband PA with c-
matching topology, a set of formulas were derived to cal-
culate its initial values for optimization.

For verification, a three-stage 100 mW medium PA
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monolithic microwave integrated circuit (MMIC) with the
c-matching structure was presented. This PA chip a-
chieves 30 ~ 35. 5% saturation power-added efficiency
(PAE) over the bandwidth of 32 ~ 40 GHz. To our
knowledge, this PA has the highest PAE lower-bound
(30% ) in Ka-band multi-stage wideband ( fractional
bandwidth >20% ) PA chips *®'.

1 Capacitive coupled matching tech-
nique

The i-matching is shown in Fig. 1(a). The output
impedance of transistor ( denoted as Z, ) is composed of
R,, C,and L,(R, and C,, are the intrinsic elements be-
tween drain and source, L, is the parasitic inductor of
drain). The mutual inductor of L, and L, is L,;. L, plays
a part of L,. Z, presents the 50 ) load impedance. The
resonator]l contains C,, and L, , while resonator2 contains
L, and C,. Correspondingly, as shown in Fig. 1(b), L,
of c-matching is a part of L;. And T-T’ means a refer-
w» Ly, and

C,- The resonator4 is composed of Cy, L,, and C,.

ence plane. The resonator3 is composed of C

Li-Le-Ly Ly-Ly

esonatorl Resonator2  \—

Inductive coupled matching
(@

Ls-Ly

esonator3

1
1
1
:
1
1
! Resonator4
i
1
1
1

T

Capactive coupled matching
(®)

Fig.1 (a)Inductive and (b) capacitive coupled matching
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The coupling coefficient of i-matching can be calcu-
lated by Eq. (1),
km = Ly/ /Lsz . (1)
Similarly, the coupling coefficient of c-matching
(k.) can be expressed as Eq. (2), which assumes that
the currents of resonator3 and resonator4 are I; and I,
respectively. And Eq. (3) is simplified from Eq. (2).
ke = (0.5[1[[1,]/jwCy)/[(0.5]1, [*/jwC,
+0.5(1, |*/joC,) x (0.5]1,|*/jwC\
+0.5|1, |>/jwC,) 1" , (2)

k, = JCC/[(Cy +C)(Cy +C) ] . (3)
To simplify the analysis, the two coupled resonators
are approximately assumed to have the same self-resonant

frequency. Then, the self-resonant frequency of resona-

torl and resonator2 can be presented as Eq. (4) .
w01112 = [L,C, 17" = [LZCIJ_I -4
As assumed above, the self-resonant frequency of

resonator3 and resonator4 can be written as Eq. (5).
2 :Cds+CM :CZ+CM (5)
' L,Cy\C,, L,CyC,
The two unloaded resonant frequencies of inductive
coupled resonators are w, and w, (0 <w, <w,) in Eq.

(6)[2].

w, =w,/ J1 +k, 0, =0,/ J1 -k,. (6)
Correspondingly, in the proposed c-matching, the
unloaded resonance condition of capacitive coupled re-
sonators can be expressed as Eq. (7), which means the
susceptances without R, and Z, at left and right of T-T’

,

plane are opposite sign.
joCy + joC,/[1 -’ C, L]
= - jwC,/(1 - w’C,L,) . (7
Substituting Eq. (5) into Eq. (7), Eq. (7) can
be simplified as Eq. (8).
® = w, (1 ./C.C,/(/JC,Cy x JC\(,))
= w, (1 £k,) - (8)
The two unloaded resonant frequencies (w, and w, )

of capacitive coupled resonators are the solutions of Eq.
(8). Because 0 <w,; <w,, Eq. (9) is gotten.
0, = w, JI -k 0, =w, /1 +k . (9)

Each pair of resonant frequencies (Eq. (6 and 9) )
can be approximated as the two transmission poles of cou-
pled matching with the central operating frequency w,,, or
®,,. The matching bandwidth can be enlarged by in-
creasing the coupling coefficient and separating the two
resonant frequencies.

Reference [ 2] regards the wideband i-matching of
high km as an ideal transformer (&, =1) approximately.
So L, can be estimated from Eq. (10), which is the im-
pedance transformation ratio of the ideal transformer.

Zy/R, = L,/L, . (10)

According to the above method, C, of c¢- matching
can also be estimated by £, =~1. When C,, =0 (if Cy
gets 0, Eq. (5) will fail) , %, is approximated as 1 from
Eq. (3), thus the pole w, is about w,, as Eq. (9). E-
quation (11) means impedances at left and right of T-T’
plane are conjugate matched at w,, in the condition of Cy,
~(0.

J 2wy Ly +1/(1/R,, +j\20,.C,,)

= (j 2w Ly + 1/(1/Z, +j2w,,C,))" . (11)

From Eq. (12) which is the real part condition of
Eq. (11), C, can be solved. C, is the closest element to
const 50€) load Z,, and then the value of C, is not sensi-
tive to bandwidth variation. Therefore, C, solved from
Eq. (12) can ensure enough accuracy.

R./(1 +2w,°R,’C.7) = Z,/ (1 +2w,°Z,C,”)
. (12)

Derived from Eqgs. (1, 4, 6, 10) for i-matching
and Eqs. (3, 5, 9, 12) for c-matching, all elements
get approximate values, which can be used as a compari-
son of the two matches and set as initial values of optimi-
zation. As these element values cannot be negative, k_
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has a limited maximum as Eq. (13) (not mentioned in
Ref. [2]). Thus the maximum bandwidth of i-matching
decreases along with the increase of the operating fre-
quency @,,,. Differently, when the value of C, is very
small, £, could approach 1, so the bandwidth of ¢c-matc-
hing is not limited by the operating frequency w,,.

max (k,) = (1 - L,C ;) JR./Z, . (13)

In above analysis, the loaded resonators are approx-
imated as unloaded, so there will be some frequency off-
set in these values calculated from Eqs. (1, 3-6,9, 10,
12). To correct the frequency offset in c-matching, one
solution method is introduced as following. The parallel
RC is equivalent to series RC at w,, in Eq. (14). Then
C, and C, in Eq. (5) are replaced by C, , and C, ..
This correcting method could obviously compensate the
frequency offset.

(1/Ry, + jo, C,.) ™" =R, ., + 1/jw,C

(1/Zy +jw, C,) ™" = Zy o + 1/jw,.C (14)

The two matching structures have been analyzed and
compared as above. The formulated c-matching is veri-
fied in next section. And its improvements on i-matching
is also presented.

ds_co

2_co *

2 Wideband PA design based on capaci-
tive coupled matching

As shown in Fig. 2, the amplifier adopts a single-
end three-stage structure. With the maximized gain of
first stage, the output power of second stage at 0. 5dB
gain compression is optimized to drive the final stage. To
achieve high PAE of the whole amplifier, the final stage
is tuned at 2.5 dB gain compression. This amplifier was
fabricated using Win Semiconductor’ s pHEMT process
(0. 1 wm gate-length with 130 GHz f, and 180 GHz f,, )

on 4 mil GaAs substrate!'”’. The widths of the three-
stage transistors are 2 X 25 pm, 2 x50 pm, and 4 x75
pm with 1:2:6 driving ratio. Moreover, the quiescent
currents are 8, 17, and 49 mA with -0.5 V gate and 3 V
drain bias.

The output matching of this PA was designed by the
capacitive coupled matching method. The output imped-
ance (Z, ) is decided to optimize PAE of PA in the
whole operating band. There are three known conditions,
including the Z of final stage (R, =27.4 Q, C, =188
fF and L, =30 pH) , the operating band of 32 GHz( w,)
~40 GHz(w, ) , as well as the central operating frequen-
cy o, of 36 GHz. All element values in c¢-matching
could be initially obtained as following. Firstly, C, is
calculated from Eq. (12). Secondly, C,, and C, in Eq.
(5) are replaced by C,_, and C, , of Eq. (14). Third-
ly, C, is calculated from Eqs. (3, 9). Tuning the value
of Cy, corresponding L, and L, are derived from the cor-
rected Eq. (5), due to that the Cy; for desired band-
width is a little smaller than the calculated. In this case,
C,, =330 fF is a better value. So all initial values for op-
timization of c-matching are calculated. Finally, the cal-
culated element values are optimized in CAD tools to a-
chieve the best performance.

The simulated return losses of the two different

2_co

(b)

Fig.2 (a) Schematic diagram of PA, (b) Photograph of
the fabricated PA MMIC
B2 (a) T BRET, (b) DIHOE A S i

matching methods at R, port are shown in Fig. 3 (a),
where the calculated and optimized results are presented
simultaneously. With the agreement of calculated and op-
timized c-matchings, the accuracy of frequency offset
correcting method as Eq. (14 ) is verified. Meanwhile,
the calculated i-matching'*’ (centered on 48 GHz) pres-
ents obvious frequency offset from optimized results. The
optimized two matchings in three operating bands are
shown in Fig. 3(b). It can be observed clearly that all c-
matchings achieve two transmission poles while all i-
matchings achieve only one. These results verify our a-
nalysis that the bandwidth of i-matching is limited by the
high reactance of jw,, L, as shown in Eq. (13). Con-
versely, the c-matching with two transmission poles
means better wideband matching performance. The wider
the band is, the more obvious the advantage of c-matc-
hing is.

As the matching goal Z,_ is optimized for high PAE,
the matching performance could be observed from PAE.
The simulated impedance tracks (optimized matchings)
versus PAE contours of 0.2% step are shown in Fig. 4.
The ideal impedance is conjugate Z,. The c-matching
(achieving two poles) gets close to ideal impedance
twice, and its PAE decrements are 0.2% at 32 GHz and
0.4% at 40 GHz in contours. Differently, the i-matching
(only achieving one pole) crosses ideal impedance only
once, and its PAE decrements are 1.4% at 32 GHz and
1.2% at 40 GHz. The PAE improvements of ¢-matching
versus i-matching are 1. 2% and 0. 8% at the two-ends
of operating band, while little difference at the middle.
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The c-matching is adopted in the fabricated PA. In
Fig. 2(b), C, and C, are implemented by bilateral mi-
crostrip stubs, while L;-L, and L, are equivalent to mi-
crostrip lines with certain length. Because the right top
stub in the output matching shorts the 3rd order harmonic
of 36 GHz, PAE near 36 GHz is slightly improved with-
out increasing chip size.

3 Measured Results and Discussion

The amplifier MMIC was measured on wafer. The
comparison of measured and simulated small-signal per-
formance is shown in Fig. 5. The measured gain is 25.5

~18.5 dB (comparable gain flatness to'® ") with less
than -8. 8 dB return loss at 32 ~40 GHz. The differences
between primary-model-based simulation and measured
results are caused by process variation and model error.
The primary model of Win Semi is extracted with focusing
on large-signal operation. Based on our experience, the
gate parasitic inductor of primary model is often larger
than the measured small-signal results in Ka-band. The
primary model could be corrected by reducing 30% of
the gate parasitic inductance. In Fig. 5, S21 and S11 of
corrected-model-based simulation agree better with the
measured results than those of model-based.
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The output power and PAE (at 1 dB and 3 dB gain
compression) versus frequency are shown in Fig. 6. The

PAE at P, is over 27% at 32 ~40 GHz with more than

18.5 dBm output power . The saturation PAE at P, is
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Table 1 Comparison of Ka-band amplifier MMIC
&1 KaKBIIH MMIC L8
Ref. process Stages  Output matching Freq/GHz Gain/dB PAE_sat/% Pout_sat/dBm Size/mm
[2] 0. 15pm pHEMT GaAs 1 Inductive 17 -35 9-12 35-40 22.5-23.5 1.5x1
[5] 0.25pum pHEMT GaAs 3 Inductive 31 -37 15 -18 27.5 23 -25 2.43 x1.28
[6] 0. 15wm pHEMT GaAs 3 Capacitive 30 -38 22 -25 20 -36 35-36 3.6x2.75
[7] 0. 15pm pHEMT GaAs 3 NA 30 -40 14 -20 25 33-34 2.8x2.3
[8] 0.15pm HEMT GaN 3 Inductive 26 -33 24 -31 28 -35 37 -38 3.24 x1.74
[9] 0. 15pum pHEMT GaAs 3 Inductive 33 -48 17 -20 20 26 -28 2x1.45
[10] pHEMT GaAs NA NA 34 -42 18.5 20 -22 20 -21 2.4x1.64
This work 0. 1pum pHEMT GaAs 3 Capacitive 32 -40 18.5-25.5 30-35.5 19 -20 2.3x1.5

30 ~35.5% with 19 ~20 dBm output power in 32 ~40
GHz.

A comparison of the Ka-band wideband PAs MMIC
is shown in Table 1. The measured peak drain efficiency
of final stage in our work is 46.3% at 36 GHz, which is
higher than that of the single-stage PA"*' (about 44. 6%
at 32GHz, calculated from its data). Most medium pow-
er amplifiers are designed for linear usage as'®®’ with
lower PAE about 20% . Hence, some high power ampli-
fiers'>7! with high PAE are listed. Accounting the losses
(approximately estimated to be 1% ~3% in PAE reduc-
ing) introduced by the power combining networks in high
power amplifiers, the PAE (30% -3% =27% ) of our
work is still higher than the listed GaAs wideband
PAs'™" and comparable with GaN PA'7.

Decided by the paralleling element closest to tran-
sistor, the output matching properties ( capacitive /in-
ductive) of these PAs are shown in this table. Their out-
put matching performances can be roughly observed by
$22. S22 of PA'"® both present only one reflection zero
for the bandwidth limitation of inductive matching. How-
ever, S22 of' > (lower operating band) and"*’ (narrower
operating band) both achieve two reflection zeros with in-
ductive matching, due to the limitation of i-matching only
appearing at the high operating band wideband matching
(shown as Eq. (13)). Because of its multi- section ca-
pacitive matching, S22 of PA" presents five reflection
zeros. Besides, S22 of our work has two reflection zeros
(One is 33.5 GHz, the other is higher than 40 GHz. )

with capacitive matching.
4 Conclusion

This paper presents a Ka-band high efficiency three-
stage wideband PA MMIC with capacitive coupled matc-
hing structure. A set of formulas was proposed to calcu-
late initial values of this matching and facilitate the opti-
mization process. With the correcting of the frequency
offset, these formulas are more accurate than those pres-

ented in Ref. [2]. The measured PAE of this PA is
higher than 30% over the entire frequency band (32 ~
40 GHz). These results demonstrate the effectiveness of
this design method for millimeter wave wideband PA.
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