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L
arge capacity is essential to the success of present and 
future cellular wireless networks, and a well-designed 
low-noise amplifier (LNA) can help increase the capac-
ity of a small cell. A typical small cell has a range of 

about 10 m to 1 km compared to a traditional macrocell at a  
few tens of kilometers.1 As a result, a small cell can improve 
frequency reuse by as much as 1600×.2 

On the flip side, hundreds of small cells are needed to pro-
vide the same coverage as one macrocell. Hence, it is neces-
sary to make small cell equipment significantly less expensive 
than its macrocell counterpart. One way to save cost is by us-
ing one broadband radio module instead of multiple narrow-

Low-Noise Amplifier  
Aids TDD Small Cells
This MMIC LNA design includes bias, ESD, and power-down circuitry for reduced cost 
and parts count in support of 3G and 4G wireless small cell stations.
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2. Feedback can beneficially reduce the frequency dispersion of S11, 

and thereby increase the impedance matched bandwidth (red trace). 

A 1600-μm E-pHEMT model was chosen for this simulation because it 

already has relatively low S11 over the 0.5-to-1.5-GHz frequency range 

(blue trace).
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3. This circuit diagram and photograph show the prototype LNA 

design for 0.3 to 1.6 GHz.
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band radio modules in support of different air interfaces. The 
LNA is an essential component for the receiver portion of a 
small cell’s radio module. 

An LNA is the first stage of a radio module’s receiving sec-
tion (Fig. 1). It is usually impedance matched for low noise 
at one frequency although, in a small wireless cell, an LNA 
must cover a wide range of frequencies. Resistive shunt feed-
back can widen an LNA’s impedance-matched bandwidth3, 4 

but results in tradeoffs of noise, gain, and output-power per-
formance5; hence, it can only be used sparingly. Fortunately, 
small cells have less demanding noise requirements than mac-
rocells since they cover smaller areas. 

The output-power requirements of small cells are also lower 
because a small cell’s low height (about 10 m) makes it less 
susceptible to interference.6 To compensate for the increased 
noise of a feedback amplifier’s configuration, a low-noise 
semiconductor process, such as a GaAs enhancement-mode 
pseudomorphic high-electron-mobility-transistor process 
(GaAs E-pHEMT),7, 8 can be used. Although low-noise feed-
back amplifiers have been realized with discrete ePHEMTs,9, 

10 the use of monolithic microwave integrated circuit (MMIC) 
technology can significantly reduce component count by inte-
grating amplifier, feedback network, and biasing circuits. 

Such integration has been used in an SOT-363-packaged 
amplifier with sub-1-dB noise figure 
(NF) over two octaves of bandwidth.11, 

12 The device’s small size and good per-
formance have led to its adoption in 
many small-cell LNAs, although it is 
not as popular lately. While its NF per-
formance was considered state-of-the-
art when it was introduced in 2003, it 
has since been surpassed by competi-
tors (Table 1). 

Small cells serve a number of time-
division-duplex (TDD) networks, in-
cluding time-division synchronous 
code-division-multiple-access (TD-
SCDMA) technology for Third-Gen-
eration (3G) cellular networks and 
time-division Long Term Evolution 
(TD-LTE) for Fourth-Generation (4G) 
cellular networks. Due to the use of a 
common frequency for transmit and 
receive functions, the LNA must be 
powered down during transmission to 
prevent overdrive. Traditionally, the 
power-down function is implemented 
off-chip by wiring a transistor switch 
in series with the LNA’s supply voltage. 
However, a competitor’s recent design 
integrates an LNA and power-down 
switch into a silicon germanium (SiGe) 
MMIC.13 Since this approach saves 
components in TDD implementations, 
it has been well received by carriers for 
use in small cells. 

To improve upon this approach, it is 
necessary to develop a lower-cost MMIC 
LNA with smaller size that still provides 
a two-octave bandwidth. The choice of 
MMIC semiconductor process is critical 
for achieving the necessary NF perfor-
mance at low cost. A 0.25-μm GaAs E-
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4. This is an equivalent-circuit model of the amplifier application circuit.
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pHEMT process was selected for its excellent balance of cost 
and performance. Performance-wise, E-pHEMT and SiGe 
processes are roughly equivalent, but mask sets for E-pHEMT 
technology are fewer and less expensive.14, 15 

Setup costs are important because of the relatively small 
volume requirements for small-cell LNAs compared to de-
vices used in mass-market wireless handsets. Another factor 
in favor of E-pHEMT technology is the capability to integrate 

a switch with the amplifier. 
A traditional design approach uses feedback to tune the in-

put and output impedances to approximately the target char-
acteristic impedance. However, at VHF and lower microwave 
frequencies, a large amount of feedback is required, which will 
significantly degrade NF and output power. Relying on feed-
back alone to match a GaAs E-pHEMT device resulted in a 
modest NF of 0.8 dB at 900 MHz.10 

One way to reduce the feedback requirement is to tailor the 
gate dimensions for a good impedance match at midband fre-
quencies. However, once the gate width has been set for a good 
midband match, the impedances may still vary too much over 
the full frequency range for realistic wideband operation. As 
a result, only a small amount of feedback was used to reduce 
the impedance spread over frequency (Fig. 2). This alternative 
design approach also results in less NF degradation.  

Since gain and NF are key parameters in an LNA, the E-
pHEMT was configured as a common-source amplifier. Aside 
from the LNA, the MMIC chip also contains circuits for the 
power-down function, active bias, and electrostatic-discharge 
(ESD) protection (Fig. 3). The active bias is designed to draw a 
nominal 65 mA from a single +4-V dc supply.

The power-down function is performed by a switch that 
disconnects the E-pHEMT’s gate from the active bias. Since 
the function is designed to activate the LNA if its control ter-
minal (V power-down, pin 6) is either grounded or open, the 
control terminal can be conveniently left unconnected in non-
TDD applications. 

The chip is epoxy encapsulated in an eight-lead quad-flat-
no-lead (QFN) package measuring 2 × 2 × 0.75 mm3. This 
package was chosen for two reasons: It is 25% lower in height 
than the legacy device, and the absence of leads eliminates the 
lead-forming process. 

Due to the MMIC’s high level of integration, only eight 
external components are needed. (Fig. 3). It is impractical 
to integrate these components, which perform choking and 
DC blocking roles, because of their large values. To create 
an LNA module, all of the components and connectors were 
assembled on a 10-mil-thick RO4350 printed-circuit board 
(PCB) from Rogers Corp. (www.rogerscorp.com).16 All signal 
and power traces are on one side of the PCB, with the ground 
plane on the other side. An FR-4 circuit-board backing layer 
was attached to the ground plane for strength and to increase 
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5. The experimental NF is better than 0.8 dB (n = 3) from 0.3 to 1.6 GHz.

Frequency (GHz)
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

#1

#2

#3

model

G
ai

n 
(d

B)

24

23

22

21

20

19

18

17

16

15
14

m621p8 gain vs. frequency at input power = −20 dBm

6. The modeled and experimental gain values exceed 15 dB over the 

0.3-to-1.6-GHz  range (n = 3). 

TABLE 1: COMPARING  COMMERCIALLY AVAILABLE WIDEBAND LNA MMICS.

Reference Technology Size (mm) Part 
count

DC power 
(mW)

Power 
down

Noise figure 
(dB)

Gain 
(dB)

OIP3 
(dBm)

P1dB 
(dBm)

11 GaAs pHEMT 2.1 × 2.0 × 1.0 10 180 - 0.9 20.0 +34.0 +17.6

13 SiGe 2.0 × 2.0 × 0.8 9 240 Y 0.4 18.3 +39.0 +19.4

23 GaAs pHEMT 1.5 × 1.5 × 0.5 10 350 Y 0.8 21.0 +34.0 +20.0

This work GaAs pHEMT 2.0 × 2.0 × 0.8 9 260 Y 0.6 19.0 +36.6 +20.4

Note: Noise figure, gain, OIP3, and P1dB are shown at 900 MHz. 
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the stack height of the circuit module to the standard 1.6 mm.  
Advanced Design System 2009 (ADS 2009) simulation 

software from Keysight Technologies (www.keysight.com) 
was used to simulate the LNA’s linear performance levels. The 
MMIC was modeled using manufacturer-supplied Touch-
stone-formatted file containing both S-parameters and noise 
parameters (Fig. 4). Inductors were modeled using manufac-
turer-supplied compact models.18 

Other passive components (resistors and capacitors) were 
modeled using lumped equivalent circuit models, which only 
account for first-order parasitic effects. The values of the para-
sitic elements were estimated. Although the models were not 
exact, they made it possible to perform a rapid simulation of 
the LNA design without the need (and required resources) for 
performing model extractions. 

To validate the design, three experimental units were built 
and tested; the units were based on MMICs randomly se-
lected from the same wafer. Other components required for 
the experimental units are listed in Table 2. The experimen-
tal performance shows the LNA to cover a frequency range 
of 0.3 to 1.6 GHz, or better than two octaves, or about a 188% 
fractional bandwidth. The unit is characterized by increasing 
noise at the lower bandedge and decreasing gain at the upper 
bandedge. 

The design is capable of sub-0.8-dB NF within in its target 
frequency range. Variations between device samples were less 
than 0.05 dB. The NF of these experimental units was lowest 
at about 1.2 GHz, rising abruptly as frequency decreases (Fig. 
5). With an NF specification set at 0.8 dB, the lowest usable 
frequency for the LNA is 0.3 GHz, enabling it to support T-
GSM-380 (380 MHz). The simulated NF shows the same trend 
as the experimental results and has a maximum error of 0.1 dB 
over the evaluated frequency range.

The upper end of the frequency range is 1.6 GHz due to the 
gain decreasing with frequency. The gain levels of the samples 
are highly uniform (Fig. 6). The experimental gain reaches a 
peak of 23 dB at about 0.3 GHz. Assuming a minimum re-
quired gain of 15 dB, then this design has an upper frequency 
limit of 1.6 GHz. Therefore, the highest cellular band that can 
be supported is LTE/WCDMA band 21 (1448 to 1463 MHz). 

This frequency range also allows concurrent reception 
of GPS signals for base-station timing and location (Fig. 1). 
Within the target frequency range, the gain varies 8 dB. The 
simulated gain agrees with the experimental gain within a 
fraction of a decibel. 

Neither input nor output matching limits the bandwidth of 
this design. The experimental input return loss (IRL) is bet-
ter than –15 dB in the 0.3-to-1.6-GHz range. The experimental 
IRL varies less than 7 dB within the target frequency range (Fig. 
7). Both experimental and simulated IRL minima converge at  
about 0.4 GHz. The simulation is relatively accurate at low fre-
quencies but the simulation error increases at higher frequen-

cies. Within the target frequency range, the error is less than 6 
dB, probably due to the lack of precision for the models.

The experimental output return loss (ORL) is better than 
–14 dB in the target frequency range. The best output imped-
ance matching occurs at about 1.4 GHz (Fig. 8). The experi-
mental ORL variation is less than 11 dB within the target fre-
quency range. The simulation is accurate at low frequencies, 
but deviates from the experimental measured results at higher 
frequencies—although the simulation error is less than 5 dB.

The experimental output third order intercept point (OIP3) 
exceeds +30 dBm within the target frequency range of 0.3 to 
1.6 GHz. The OIP3 rises rapidly at low frequencies and then 
plateaus at higher frequencies (Fig. 8). At midband (900 MHz), 
the OIP3 is +36.6 dBm, which corresponds to an input IP3 of 
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+19.6 dBm. Compared to similar devices without feedback, 
this OIP3 is a fraction of a decibel lower. The in-band varia-
tion in OIP3 is approximately 9 dB. 

The experimental power output at 1-dB gain compression 
(P1dB) exceeds +20.4 dBm within the target frequency range. 
The P1dB is relatively flat over frequency, with an inband 
variation of about 0.9 dB. The corresponding input P1dB at 
midband (900 MHz) is +1.6 dBm. The LNA showed above-
average linearity behavior. Using midband OIP3 and P1dB 
values, the linearity figure of merit (LFOM) was determined 
as equal to OIP3 – P1dB19 and equals 15.8 dB for the LNA at 
midband.

To minimize dead time in TDD applications, the integrated 
power-down function should ideally be capable of fast switch-
ing times. For measuring the switching speed of the integrated 
power-down function, the turn-on time (tON) and turn-off 
time (tOFF) are defined from the time at 50% of the control 
signal to the time at 90% of the final RF output amplitude.20 
The change in the LNA’s output was observed using a negative-
polarity Schottky diode detector.21 The experimental tOFF and 
tON times were 1.5 and 0.04 μs, respectively (Fig. 9). 

The slow power-down time is due to shunt capacitor C3 
lacking a discharge path. It may be possible to speed up the 
discharge of C3 with an external resistor, but this has not been 
verified. On the other hand, the tON time compares to the in-
dustry’s fastest.22 In conclusion, this MMIC implementation 
can provide the performances needed for small cell TDD 
applications with the power-down function included for re-
duced component count. 
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μs, respectively, are fast enough for TDD application. 

TABLE 2: COMPONENTS USED IN THE 
PROTOTYPES.

Component Part number Supplier Value 

C1, C2, C3 GRM1555C1H101JA01D Murata 100 pF 

C5 GRM188R60J475KE19D Murata 4.7 μF 

C4 GRM155R71H681KA01D Murata 680 pF 

C7 GRM1555C1H100JA01D Murata 10 pF 

L1, L2 LQP15MN33NG02 Murata 33 nH 

Q1 MGA-621P8 Avago
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