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Abstract This paper demonstrates that a double-loop

transformer-feedback power-to-current low noise amplifier,

to be implemented in a 0.2 lm GaAs p-HEMT IC process,

is able to obtain a noise figure less than 0.8 dB, an input

return loss less than -12 dB, a flat voltage-to-current sig-

nal transfer of 180 mS, and an input-referred third-order

intercept point (IIP3) of 1.8 dBm over a wideband fre-

quency range from 1 to 2 GHz at a power consumption of

210 mW.

Keywords Double-loop negative-feedback amplifier �
GaAs � LNA � Power-to-current � Transformer feedback

1 Introduction

High dynamic-range broadband low noise amplifiers

(LNAs) are widely employed in radio astronomy, e.g. in

the new radio-telescope Square Kilometer Array (SKA),

a.o. being developed by the Netherlands Foundation for

Research in Astronomy (ASTRON). In such applications,

both high linearity and low noise are required in order to

obtain high dynamic range. Double-loop negative-feedback

LNA topologies are often favored as they offer very good

power matching over a wide bandwidth [1, 2], low noise

figure and high linearity [3, 4]. The high linearity is

obtained by ensuring a sufficient amount of loop gain and

noise is minimized by choosing appropriate biasing current

levels and putting multiple transistors (or multiple tran-

sistor fingers) in parallel. This work proposes a trans-

former-feedback power-to-current amplifier (referred as

TF-PI), which is able to realize these required properties.

Further, being a trans-conductance amplifier, which has a

current output, the TF-PI is able to directly drive a mixer.

The article is organized as follows. Section 2 and 3 present

the transformer design and the TF-PI circuit design,

respectively. Section 4 deals with the performance of the

TF-PI. Section 5 shows the simulation results.

2 Transformer design

For the design of a TF-PI with the desired properties, a high

quality, low loss transformer with accurately modeled

parameters is necessary. The specific requirements on the

transformer present in a TF-PI involve a magnetic coupling

factor k that is constant over the required bandwidth, a high

turn-ratio n for high gain, and a high self-inductance of the

primary winding for good power matching and low noise

(to constrain the noise contributed by the self-resistance of

the same winding). Trade-offs exist between high gain,

wide bandwidth and high linearity in transformer design.

Concerning the value of k, three layout configurations are

widely used in monolithic transformer design: tapped

(k * 0.3–0.5), interleaved (k * 0.7) and stacked (or

overlay) (k * 0.9) transformers [5, 6]. However, none of
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them is a good candidate for the TF-PI, since, for the same

size, the tapped transformer can achieve large turn-ratio

and self-inductance at the expense of a low k factor. The

interleaved transformer can achieve a large k factor but

with a low turn-ratio and a low self-inductance. Since the

process at hand has only two metal layers, it is impossible

to design a high quality stacked transformer. In this work,

dedicated to a TF-PI, we propose a novel layout scheme,

which is called a ‘‘hybrid interleaved and tapped’’ (HIT)

configuration and is shown in Fig. 1. The primary winding

(W1) of the HIT transformer is tapped so that the self-

inductance is maximized due to the close coupling of the

same winding. The secondary winding is interleaved to

obtain an acceptable k factor, and the inner and the outer

segments are not in series but in parallel in order to achieve

a high turn-ratio. In addition, its line width (W2) is larger

than that of the primary winding, which is able to improve

the k factor and Q factor. As a result, the HIT transformer

combines the advantages of both the tapped transformer

and the interleaved transformer. It can implement a mod-

erate k-factor (k * 0.35–0.6), a high turn-ratio and a high

self-inductance of the primary winding simultaneously.

Furthermore, the parasitics of the HIT transformer are

minimized due to the potentially small area. All parameters

of a physical transformer (PTF) can be extracted from the

simulated S-parameters using the T-section AC signal

transformer model [7–9]. To obtain accurate results, the

thick conductor expansion of metal layers should be acti-

vated and horizontal side currents and edge mesh should be

enabled during simulation with Momentum. The primary

and secondary self-inductance (Lp and Ls) and self-resis-

tance (Rp and Rse), and the port-to-substrate capacitance

(Cp) of each winding can be found by means of the input

impedance (at low frequency) and the self-resonate fre-

quency when the other port is open circuited. The mutual

inductance (M), coupling factor (k) and the port-to-port

capacitance (Cf) of a PTF can be extracted by means of the

input impedance (at low frequency) and the self-resonate

frequency when the other port is short circuited [10–13].

The effective turn-ratio n0 can be determined by applying a

voltage or current source at one port and checking the

output at the other port, or can be approximated as

n0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi

Lp

�

Ls

q

k
: ð1Þ

Table 1 shows some extracted parameters of a PTF

based on a 0.2 lm GaAs p-HEMT process. The outer

dimension (OD) and inner dimension (ID) of the HIT

transformer are 440 and 172 lm respectively, and the line

spacing (S) is 3 lm. The simulated k factor is 0.4 and the

turn-ratio equals 14.

3 Circuit design

The transformer-feedback power-to-current amplifier

(TF-PI) comprises two feedback loops: a current-to-current

(I–I) negative-feedback loop and a current-to-voltage (I–V)

negative-feedback loop. The I–I feedback loop is imple-

mented by means of a transformer, and the current-to-

voltage (I–V) feedback loop by means of a resistor (Rf) as

shown in Fig. 2. To evaluate the performances of the

designed transformer and the TF-PI, two TF-PI circuits are

compared. The first TF-PI uses a nullor (an ideal amplifier

with infinite transfer parameters) as the active part and the

second applies High Electron Mobility Transistors

(HEMTs) to implement the nullor. As the optimal noise

impedance of HEMTs is nearly inversely proportional to

the gate width and frequency [14], the first stage comprisesFig. 1 Layout of hybrid interleaved and tapped (HIT) transformer

Table 1 Key parameters of the designed transformer

Parameters OD (lm) ID (lm) W1 (lm) W2 (lm) S (lm) Lp (nH) Rp (X)

Value 440 172 10 20 3 23.5 27.8

Parameters Ls (nH) Rse (X) Cp (fF) Cf (fF) k n0 M (nH)

Value 0.6 2 99 114 0.4 14 1.2
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two HEMTs (M1, M2) in parallel, each having eight gate

fingers with a length of 50 lm in order to increase the gate

width and reduce the optimal noise impedance. However,

this causes the output impedance of the first stage to be

small due to the large bias current. Therefore, a cascode

stage (M3) is used to improve the output impedance (and

thereby gain) of the first stage. The second stage is a long-

tailed pair configuration (M4, M5) to provide additional

(negative) loop gain. Each transistor of the second stage

has a size of 40 9 6 lm. The gate voltages and drain

currents of the two stages are chosen in such a way that the

HEMTs benefit from a large transit frequency (fT) at rela-

tively low NFmin. To compensate for the negative influ-

ence of the bond wires and improve stability, a miller

capacitor (Cm) is applied at the second stage and the

effective turn-ratio is slightly lowered [3].

4 Performance analysis

4.1 Input power matching

The input impedance of a TF-PI amplifier, under the

assumption of an ideal transformer with a turn-ratio n and a

nullor present in the circuit, is given by

ZinðxÞ ¼ n � sLf þ Rfð Þ � Rs ðs = jxÞ ð2Þ

where Lf models the inductance of both microstrip lines

and bond wires connected in series with Rf. Rs is the source

impedance. From Eq. 2 it can be deduced that n and Rf

offer much flexibility for power matching. When a physical

transformer (PTF) is concerned, at low frequencies,

omitting the influence of the parasitics [2], the input

impedance of the amplifier is

ZinðxÞ ¼
Rs Rp þ sLp

� �

Rs þ Rp þ sLp

: ð3Þ

At high frequencies, parasitics, especially the cross

parasitic capacitance Cf between the two inductors (here

we neglect the influence of Cp), together with the primary

inductance Ls, affect the amplifier’s high-frequency

response. Taking these into account, the input impedance

is changed from Eq. 3 to

ZinðxÞ �
Rsð1þ s2CfLsÞ

1þ n0 þ 1ð Þs2CfLs

: ð4Þ

From Eqs. 2–4, it can be found that good power

matching is achieved in the (angular frequency) band

Rs þ Rp

� ��

Lp; 1
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðn0 þ 1ÞLsCf

p
� �

:

4.2 Noise

To analyze the amplifier’s noise performance, first all

noise sources in the circuit are identified, and then the

noise correlation matrix is calculated to extract the noise

parameters. It follows that

Yopt �
1

cþ gm1Rf

cþ gm1 Rf þ Rp

� �

x2L2
p þ R2

p

þ jx
xT

" #

ð5Þ

Fmin � 1þ 2

gm1

cþ gm1 Rf þ Rp

� �

x2L2
p þ R2

p

� jx
xT

" #

ð6Þ

Rn �
c

gm1

þ Rf ð7Þ

where xT = 2pfT, c is a process dependent constant, and

gm1 is the trans-conductance factor of the first stage.

Eqs. 5–7 suggest that a large drain current, a large

-
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Fig. 2 Circuit diagram of transformer-feedback power-to-current amplifier
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transistor cut-off frequency and a small Rf are optimal for

noise performance. Further analysis on the frequency

response of the noise power spectral density shows that the

noise remains low beyond the angular frequency

xN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
p þ ðRS=Rn þ 2ÞRpRS þ R2

S

q .

Lp:

4.3 Linearity and stability

To obtain high linearity, a high loop gain is required. The

loop gain of the TF-PI is

LðsÞ ¼ � gm1gm2RsRd

n0 1þ gm1Rfð Þ 1þ sCgs1
Rs

1þgm1Rf

� �

1þ sCgs2Rd

� �

ð8Þ

where Rd is the bias resistor of the first stage, Cgs1 and Cgs2

are the gate-source capacitance of the transistors of the first

stage and the second stage, respectively, and gm2 is the

trans-conductance of the second stage. The DC loop gain

equals Lð0Þ ¼ �gm1gm2RsRd

n0 1þgm1Rfð Þ; which is very large (about-

1000) and in accordance with our objective. The TF-PI is

unconditionally stable.

4.4 Signal transfer function and bandwidth

The voltage-to-current signal transfer function of the TF-PI

amplifier with an ideal transformer and a nullor present in

the circuit, is determined by

HðxÞ ¼ n

2Rs

: ð9Þ

While with a PTF, the frequency response of the signal

transfer function at both low and high frequencies become

HðxÞ �
n0 Rp þ sLp

� �

RS RS þ 2 Rp þ sLp

� �� � ð10Þ

and

HðxÞ � n0 1þ s2CfLsð Þ
RS 2þ n0 þ 2ð Þs2CfLs½ � ð11Þ

respectively. Eqs. 9–11 indicate the gain is flat in

the (angular frequency) band Rs þ 2Rp

� ��

ð2LpÞ;
ffiffiffi

2
p
��

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðn0 þ 2ÞLsCf

p

�:
The maximum attainable bandwidth xm is simply found

from the loop-gain pole product

xm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xT1 � xT2=n0
p

� axT a � 1
.

ffiffiffiffi

n0
p� �

: ð12Þ

With an fT of 60 GHz and n0 of 14, the bandwidth is

about 16 GHz. However, the actual bandwidth is

determined from the effective band of the input power

matching, noise figure and signal transfer function in which

the PTF non-idealities play an important role. In fact, due

to the limited k-factor, the bandwidth of a PTF is defined

by the lower cut-off frequency xL ¼ ðRs þ RpÞ
�

Lp and the

upper cut-off frequencyxU ¼ ð1þ kÞxL=ð1� kÞ: Conse-

quently, the bandwidth of the TF-PI is [xN, xU].

5 Simulation results

The designed TF-PI was simulated with ADS based on a

0.2 lm GaAs p-HEMT technology process [14], together

with the transformer modeled in Momentum. It shows that

the input reflection coefficient S11 is smaller than -12 dB

in the overall L-band, from 1 to 2 GHz (Fig. 3). The noise

figure (NF) is between 0.6 and 0.8 dB in the band of

interest (Fig. 4). A two-tone test predicts that the IIP3 is

1.8 dBm and IIP2 is 23 dBm. The trans-conductance is

around 180 mS, corresponding to a power gain (G) of

Fig. 3 Circuit simulation of S11 with nullor and HEMT’s

Fig. 4 Simulation of noise figure with nullor and HEMT’s
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15 dB (Fig. 5). The circuit draws an overall current of

52.5 mA while operating from a single 4 V power supply.

Because we have used realistic element models and taken

the effect of the bond wires into account, we expect the

simulation results well predict the actual performance of

the TF-PI. A comparison of our work with some state-

of-the-art broadband LNAs [15–18] is listed in Table 2. A

normalized figure of merit (FOM) is also calculated to

evaluate the overall performance, using the following

formula:

FOM ¼ G� NFþ IIP3 � 10 lg
PDC

1 mW
: ð13Þ

Table 2 clearly states the advantages of TF-PI for the

design of LNAs that must offer simultaneous good power

matching, low noise and high linearity.

6 Conclusion

A transformer-feedback power-to-current low-noise

amplifier, TF-PI, is presented that meets the requirements

for high-dynamic range and low noise performance in

broadband radio astronomy applications. A novel trans-

former layout scheme is proposed and the performance of

the TF-PI is evaluated. Simulation results show that the

TF-PI achieves a noise figure below 0.8 dB, a S11 less

than -12 dB, a 180 mS (voltage-to-current) gain,

1.8 dBm IIP3 and 23 dBm IIP2 in the overall 1–2 GHz

L-band based on a 0.2 lm GaAs p-HEMT technology

process. The obvious advantage of the TF-PI is that it

enables good power matching, low noise and high line-

arity simultaneously. T
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