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Abstract: The of distributed
amplifiers are analyzed based on T-type matching networks,

impedance characteristics
and a distributed power amplifier consisting of three gain cells
is proposed. Non-uniform T-type matching networks are
adopted to make the impedance of artificial transmission lines
connected to the gate and drain change stage by stage
gradually, which provides good impedance matching and
improves the output power and efficiency. The measurement
results show that the amplifier gives an average forward gain
of 6 dB from 3 to 16.5 GHz. In the desired band, the input
return loss is typically less than — 9.5 dB, and the output
return loss is better than —8.5 dB. The output power at 1-dB
gain compression point is from 3. 6 to 10. 6 dBm in the band of
2 to 16 GHz while the power added efficiency (PAE) is from
2% to 12.5% . The power consumption of the amplifier is 81
mW with a supply of 1.8 V, and the chip area is 0. 91 mm x
0.45 mm.
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‘ x T ith the rapid development of wireless and optical
communications, the continuous increase in the da-
ta transfer rate requires amplifiers with wider bandwidths.
Distributed amplifiers (DAs) provide an effective solution
for extending the bandwidth and, therefore, are widely
used in the design of ultra-high broadband systems.
Recently, many distributed amplifiers have been de-
signed and realized by advanced process technologies,
such as GaAs PHEMT technology' ™, SiGe BiCMOS
technology'*™ and AlGaN/GaN HEMT technology'”,
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which show great amplification and frequency perform-
ance. Conversely, the CMOS technology is relatively in-
ferior but still acceptable in practical applications, and it
makes itself more competitive than those advanced
process technologies due to its much lower price.

This paper presents a distributed power amplifier based
on the impedance matching of T-type networks. The chip
is fabricated with the standard 0. 18-um CMOS technolo-
gy of SMIC. The measurement results show that the am-
plifier obtains an average gain of 6 dB in the band of 3 to
16.5 GHz. The output power at 1-dB compression point
(P, ) 1s from 3.6 to 10.6 dBm in the band of 2 to 16
GHz, while the power added efficiency (PAE) is from
2% to 12.5% . The power consumption is 81 mW with
the supply of 1.8 V, and the chip area is 0. 91 mm x
0.45 mm.

1 Principle of Distributed Amplifier

In DAs, the parasitic capacitances of transistors are
combined with on-chip inductors to construct the artificial
transmission lines, and the gain roll-off due to the parasit-
ic capacitances of transistors is reduced. The classical cir-
cuit of DAs is shown in Fig. 1. If the loss of artificial
transmission lines is neglected, the corresponding equiva-
lent circuits are shown in Fig. 2. The signal phase delay
of artificial transmission lines in the gate and drain should
be matched so that the signals in different paths are added
positively to the output port.

Traditionally, the transmission line theory is the basis
of the design of DAs. According to this theory, the volt-
age gain A, and the characteristic impedance Z, of DAs
(not considering the loss of artificial transmission lines)
are given as

1
sz?nngO (1)
L L
Z= e = (2)

where Z; is normally set to be 50 ; C,, and C , are the
input and output parasitic capacitance of gain cells, re-

spectively; L, and L, are the on-chip inductor of artificial
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Fig.2 Equivalent artificial transmission lines. (a) Gate; (b) Drain
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transmission lines in the gate and drain, respectively. The
desired inductance can be calculated according to Eq. (2)
if the parasitic capacitance of transistors is known.

The bandwidth of distributed amplifiers is mainly re-
stricted by the cutoff frequency f. of artificial transmission
lines:

Return loss/dB
|
&

L/pH:

1 1 -60
I —— e (3) %0
‘ 2'1T Lg Cin 27‘- Ld Coul N ;g _IE_ 24|0 ) ) ,
According to Eq. (2), L, and L, are proportional to C ORSOAREL A R LA R R R
Frequency/GHz

and C_,
Eq. (3), the cutoff frequency f, decreases with the in-
crease of L,(L,) and C,,(C,,). So, the contradiction be-
tween the gain and the bandwidth still exists in DAs,
which is much more serious in conventional amplifiers.

when the characteristic impedance is fixed. From

From Fig. 2, the gate and drain artificial transmission
lines consist of T-type networks, so the input and output
impedance of DAs should change with the values of on-
chip inductors. To conduct the operation, the artificial
transmission line constructed by four stages of T-type net-
work is selected as an example and the parasitic capaci-
tance of transistors is set to be 80 fF. Fig. 3 shows how
the return loss of the artificial transmission line changes
with the on-chip inductor L. In Fig.3, 160 pH is a good
choice for the impedance matching in the band below 22
GHz while 240 pH is better for the band from 22 to 54
GHz. This cannot be explained clearly using the transmis-
sion line theory.

The artificial transmission lines in DAs can be regarded
as the cascaded network which is composed of a T-type
network, as shown in Fig.4. In Fig.4, C is the parasitic

Fig.3 Return loss of the artificial transmission line

L2

c Z

Fig.4 T-type matching network

capacitance of the gate or the drain of transistors and L is
the on-chip inductor, which constructs the artificial trans-
mission line. The input impedance Z, can be expressed as

Z, +jwlL/2
Z, = . 2 +
I +jwCZ, -0 LC/2

oy @

Let Z,, =Z,, and the characteristic impedance Z, is de-

rived as
4L -’ L’ C
Z = 4C

(5)
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From Eq. (5), it can be shown that Z, = \/L/C when

o’ L’C<4L (i.e. @ VLC<I1), and it corresponds to the
characteristic impedance in Eq. (2), which is from the
transmission line theory.

The impedance matching process of the T-type network
in Fig. 4 is shown in Fig.5. A perfect impedance matc-
hing at some frequency is obtained by the T-type network
consisting of two inductors in series and one shunt capaci-
tor, and the bandwidth of this matching network is con-
strained by the max quality factor at four transition points
of m, n, p and g. The larger (i.e. the larger parasitic
capacitance) and smaller (i.e. the smaller parasitic ca-
pacitance) quality factor is indicated by the solid line and
dotted line, respectively.

2 Circuit Design

A uniform distributed power amplifier is designed based
on T-type network and impedance matching method. The
designed amplifier is shown in Fig. 6. The cascode struc-
ture with the series inductor' is used as the gain cell to

Fig.5 Impedance matching process of T-type network

enhance the forward gain and the reverse isolation. Con-
sidering the output power, the gain and the bandwidth in
tradeoff, the gate width of transistors is set to be 120 pm.
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Fig.6 Designed distributed power amplifier

The uniform T-type networks are cascaded at the gate
artificial transmission line except at the first stage, of
which the first series inductor L, is set a little larger to
match the parasitic capacitance of the input pad. The im-
pedance at different points of the cascade T-type networks
is shown in Fig. 7. Fig.7 shows that the impedance chan-
ges around 50 ) with the increase in the number of cas-
cade T-type networks in the wide band, which is similar
to the impedance transformation characteristics of trans-
mission lines. But the curve of impedance is not a perfect
circle because of the unexpected loss of transistors and on-
chip inductors, which makes the design more complex.
Hence, the load resistor of the gate artificial transmission
line is set to be 58 () instead of 50 () to obtain better in-
put impedance matching.

As for the design of the drain artificial transmission
line, the tradeoff between the output power and the im-

pedance matching should be considered carefully. The de-
sign target is to find the optimum load of each gain cell
and use non-uniform T-type matching networks to con-
struct the optimum load. Fig. 8 shows the load impedance
of each gain cell, i.e. Z,;, Z, and Z,, and they all in-
clude the output impedance of the gain cell itself. With
the output signal of each gain cell increasing, the output
power is mainly constrained by the output voltage swing.
It is apparent that more output power can be obtained by a
smaller load for the same voltage swing. In Fig. 8, the
increasing trend of impedance at different output points of
each gain cell is presented, and the impedance approaches
50 Q near the output port. Unlike the design methods in
Refs. [7,9], the load resistor of the drain artificial trans-
mission line is maintained and set to be 94 () to achieve
the balance between the output power and impedance
matching.
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The sizes of the key devices are optimized and listed in
Tab. 1. The on-chip inductors are fabricated with the top
metal interconnection and verified by electromagnetism
simulation.

Tab.1 Sizes of the key devices

Device Value Device Value

L /pH 590 Lp,/pH 920

Ls,/pH 460 Ly /pH 210

Lg;/pH 410 R/ Q 58

Ls/pH 400 Rp ./ Q 94

Ly, /pH 200 Gate. width of 120
transistors/ pm

3 Experimental Results

The photograph of the designed distributed power am-
plifier is shown in Fig. 8. The area of the die is 0. 91 mm
x0.45 mm. The circuit is measured via on-wafer test.
The measurements were carried out using an Agilent
E8363B vector network analyzer, an E8257D vector sig-
nal generator and an F4448 A spectrum analyzer.

The curves without circular markers in Fig. 9 give the
post simulation results of S parameters while the measure-
ment results are shown in Fig. 10. The simulated forward
gain (S,,) is 8 dB from 2 to 14 GHz with the gain flat-
ness of +1 dB while the measured is 6 dB from 3 to 16.5

Impedance at different points of artificial transmission lines (1 to 16 GHz). (a) Gate; (b) Drain
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Fig.9 Simulated S parameters

GHz with the gain flatness of +2 dB. In the desired
band, the simulated input return loss (S,,) is less than
—13 dB while the measured is less than —9.5 dB, and
the simulated output return loss (S,,) is typically less than
-9 dB while the measured is less than — 8.5 dB. The
designed distributed power amplifier shows good power
performance, which is shown in Fig. 11. The output
power at P, ,, is from 3.6 to 10. 6 dBm in the band of 2
to 16 GHz while the PAE is from 2% to 12.5%.

Fig.9, Fig. 10 and Fig. 11 show that there is some in-
consistency between the measured and simulated results,
particularly in the high frequency band. One reason is the
precision of device models. For example, the available
frequency of RF NMOS transistors is lower than 10. 1
GHz according to the process design kit ( PDK) docu-
ments. The other reason is that the precision of the mod-
eling of on-chip inductors may be not so good. Fig. 12
shows the test structure of the on-chip inductor of 920
pH, which uses the open-short de-embedding method.
The simulated and measured results are presented in Fig.
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Fig.10 Measured S parameters. (a) S;;; (b) Sy (c) Sp; (d) Sy

13 and Fig. 14, from which we can see that the value of
the fabricated on-chip inductor is approximately 100 pH
lower than the simulated one and the measured quality
factor is reduced by half. The changed inductance and
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parasitic resistance also change the impedance of the arti-

ficial transmission lines and the performance of the ampli-

fier.

The parameters of some on-chip inductors are revised
according to the measured results, and the corresponding
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curves of the post simulation results are shown in Fig. 9,
which are with circular markers. It is clear that forward
gain S,, after revision reduces by approximately 2 dB in
the band below 13 GHz, and is closer to the measured re-
sult. Also, the reverse isolation S, after revision shows
an increase of 3 to 10 dB and is more consistent with the
measured S, .

The comparison between the performance of the de-
signed distributed power amplifier and others is shown in
Tab.2. Advanced technology such as GaAs PHEMT or

GaAs HBT provide excellent performance in output power
and efficiency, but with more area and at a much higher
price. By contrast, the CMOS technology can give ac-
ceptable power performance at a much lower price. Com-
pared with the distributed amplifier proposed in Ref. [8],
the designed distributed power amplifier increases the out-
put power by 1 dB and improves the PAE by 2.5 times at
5 GHz with half of the area, while the gain and band-
width are reduced by 18 dB and half, respectively, as a
compromise.

Tab.2 Comparison with previous reports of DAs

Performance Ref. [3] Ref. [8] Ref. [10] This paper
Process technology 0.15-pwm GaAs PHEMT 0.18-pm CMOS 2-pm GaAs HBT 0.18-pm CMOS
Frequency/GHz 2 to 20 1to 34 1to12 3t016.5
Gain/dB 15 8.6 6
P, ;g/dBm 13.8 7.5@5 GHz 11 t0 16.9 3.6 t010.6
DC power/mW 300 238 79 81
PAE/ % 8 2.4@5 GHz 12.2 t0 43.4 2t012.5
Area/mm? 2.36 0.83 1.2 0.41

4 Conclusion

In this paper, a distributed power amplifier of three sta-
ges is presented based on SMIC 0. 18-um CMOS technol-
ogy. In the design, the impedance characteristic of dis-
tributed amplifiers is analyzed based on T-type networks
consisting of lumped components. The experimental re-
sults show that the designed distributed power amplifier
provides good impedance matching, high output power
and efficiency, which demonstrates the effectiveness of
the proposed design method.
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