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Abstract- In this paper, two low noise amplifiers (LNAs), one without feedback and another one
with active shunt partial feedback, are proposed for ultra wide band (UWB) applications. Both the
proposed LNAs are designed using 90 nm CMOS technology and their performance parameters
are analyzed by using post layout simulation. The proposed LNA without feedback achieves a
power gain (S,;) of 16.4 dB over the band of 3 — 10.4 GHz with NF (Noise Figure) in the range of
4.9 — 5.2 dB. This high NF has been reduced to 2.4 — 2.7 dB by employing active shunt partial
feedback. The proposed LNA with active shunt partial feedback achieves a power gain of 15 dB
over the band of 2 — 12 GHz. The input matching (S;1) and output matching (S,,) are less than —
10 dB while maintaining the reverse isolation (S;;) is less than -60 dB for both of the proposed
circuits. Both circuits, with and without active shunt partial feedback, maintain better linearity
with in-band third order input intercept point (11P3) of — 1 dBm and — 4.242 dBm, respectively and
consume 3.643 mW and 2.862 mW of power while operating at 1 V power supply.

Keywords— Active-shunt partial feedback, noise figure, input matching, shunt-series peaking, current-reuse, third
order input intercept point

1. INTRODUCTION

In recent years, both the academia and industry have shown interest in UWB technology as it offers a
promising solution to the radio frequency (RF) spectrum scarcity by allowing new services to co-exist
with other radio systems with minimal or no interference [1]. UWB technology is suitable for short range
and high data rate wireless applications which include cognitive radio, ground penetrating radars, imaging
and surveillance systems, safety/health monitoring, wireless home video links, etc.

In February 2002, the Federal Communication Committee (FCC) approved the first report and order
for commercial use of UWB technology under strict power emission limits for various devices. The UWB
signals should have an average power spectral density limit of —-41 dBm/MHz in the frequency range of
3.1 — 10.6 GHz. As defined by the FCC, UWB signals must have bandwidth of more than 500 MHz or
fractional bandwidth larger than 20 percent at every point of transmission. The fractional bandwidth [1] is
defined as the ratio of bandwidth to center frequency as given in Eq. (1).
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where fn and fi are the highest and lowest cutoff frequencies of the UWB spectrum respectively.
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There are two types of UWB communication systems based on (i) direct sequence code division
multiple access (DS-CDMA) approach and (ii) multi-band orthogonal frequency division multiplexing
(MB-OFDM) approach [2]. The DS-UWSB is a single-band approach and is fundamentally different from
all other communication techniques because it employs extremely narrow RF pulses to communicate
between transmitters and receivers. The usage of short-duration pulses helps in achieving a very wide
bandwidth and offers several advantages, such as high throughput, robustness to jamming and coexistence
with current radio services. As shown in Fig. 1, the entire UWB spectrum is divided into two bands,
namely lower and upper bands. The lower band occupies the spectrum in the range of 3.1 GHz to 4.85
GHz, while the upper band lies in the range of 6.2 GHz to 9.7 GHz. The DS-CDMA approach, also called
impulse radio, provides data rates from 28 to 1320 Mb/s within the transmission bands from 3.1 to 4.85
GHz and from 6.2 to 9.7 GHz [2]. In the MB-OFDM approach [3], the entire UWB spectrum is divided
into 14 bands, where each band has a bandwidth of at least 500 MHz. The MB-OFDM approach is
planned into six groups as illustrated in Fig. 1 and the operation within the first group is mandatory, while
all the other groups are optional.

4 LowBand(LB) HighBand(HB) /"R oo N
| —] — i

S g o P | o W e a7 o N i i g, iy o s N W i

:(Band Band BandTBﬂud Band Bﬂud?Band Band Band?Bﬂnd Band Bﬂlld?BHﬁd Band‘:
I | 2 3 1 4 5 657 8 9510 11 12513 145

I I I I I I I I L1,
3432 3960 4488 5016 5544 6072 6600 7128 7656 8184 §712 9240 9768 10296
MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz

Fig. 1. UWB Standards [3]

The received UWB signal exhibits very low power-spectral density (PSD) at the receiving antenna due
to the stringent power-emission limitation set by FCC at the transmitting antenna and the transmission
path loss introduced in the channel. The received signal power is typically three orders of magnitude
smaller than that of the narrow-band transmission systems [2]. The low power reception makes the
realization of front-end circuits of the UWB receiver very difficult. The LNA becomes an important
component in the front-end circuits since the LNA decides the overall receiver sensitivity.

The main purpose of the LNA is to amplify the weak signal received from the antenna to an acceptable
level while trying to reduce the additional self generated noise. The main design requirement for the UWB
LNA is to provide sufficient gain over the entire 7.5 GHz bandwidth. A wide-band input matching of 50
Q, a low NF and very low power consumption are required to enhance the sensitivity of UWB receiver
[2]. The linearity of an amplifier is described in terms of 1dB compression point (P14g) and third-order
input intercept point (11P3). Thus, the LNA design remains the biggest challenge in the implementation of
a UWB system.

The LNA can be designed in different topologies such as distributed amplifier, common gate (CG),
common source (CS), differential amplifier and resistive shunt feedback amplifier [4]. Most of the recent
work done on the LNA are focused on achieving an optimal trade-off between the LNA parameters by
using these different amplifier. The distributed amplifier [5] was capable of providing a very large
bandwidth because of its unique gain-bandwidth trade-off. However, high power consumption and large
chip area made this topology unsuitable for typical low-power and low-cost UWB applications. The CG
amplifier [6] achieved excellent wideband input matching and better input-output isolation but it suffered
from high NF and low power gain. The inductive source degeneration amplifier [7] provided wide
bandwidth, high power gain and low NF. The inductive source degeneration amplifier used filter network
for obtaining better input matching. This filter network occupied large chip area and the insertion loss of
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the filter network caused the NF of the LNA to degrade rapidly with frequency. Differential LNA [8]
provided high power gain, high linearity and low NF, but it suffered from high power consumption and
large chip area. The inductive degenerated LNA [9] achieved a very low NF with good input and output
impedance matching by using reactive feedback and coupled inductors, but it suffered from high power
consumption.

The resistive feedback LNA [10] used a cascode amplifier as the core stage with current reuse
structure for input matching and filter network for output matching. The proposed circuit in [10] had
problems of poor input and output matching with high power consumption. The wideband resistive
feedback CMOS LNA [11] with a noise cancellation technique provided very low NF but it supported
only the lower band of UWB. Meaamar [12] proposed a wideband CMOS LNA by employing the concept
of mutual coupling technique implemented using a symmetric center-tap inductor. A frequency widening
network was designed with a center-tap inductor at the input and the output of an LNA to achieve
bandwidth extension with a single stage amplifier and this LNA consumed very low power but its
bandwidth was only 3 — 8 GHz. A wideband resistive feedback CMOS LNA with a noise cancellation
technique proposed in [13] achieved very good power gain only for the lower part of the UWB and
consumed high power. Ruey-Lue Wang [14] proposed a cascode LNA with an additional voltage current
feedback to operate over the full-band of UWB spectrum. This circuit topology achieved a wideband input
matching with the help of a multi-section LC resonant configuration. Even though it provided very good
linearity, it suffered from very high power consumption.

From the survey of recent works on resistive shunt feedback LNAs, it is understood that the resistive
shunt feedback topology did not provide high gain and low NF simultaneously while satisfying wideband
input matching and flat gain requirements. So, it is required to have a low power LNA which provides
high gain with good uniformity, low NF and better linearity simultaneously. Our work addresses these
issues with the help of active shunt partial feedback employed in the current reuse cascode LNA. Section
2 discusses the operation of both the proposed LNAs with their equivalent circuits and design equations.
Section 3 illustrates the post layout simulation results and analysis. The results are compared with recently
reported resistive shunt feedback LNAs. Section 4 concludes the paper.

2. PROPOSED LOW NOISE AMPLIFIERS

This paper presents an LNA with cascode amplifier as a core stage, a simple pi (1) network to obtain
wideband input matching and a current reuse network to achieve low power operation. But this LNA
suffers from very high NF. An active shunt partial feedback is employed in the core stage to improve the
noise performance and linearity without affecting other parameters. A variety of bandwidth enhancement
techniques [4] such as series peaking, shunt peaking, shunt-series, T-coil and fr doublers using Darlington
pairs were presented in the literature. In this work, shunt-series peaking is used for bandwidth
enhancement in both the proposed LNAs.

The proposed LNA without feedback and its equivalent circuit are shown in Figs. 2 and 3
respectively. The transistors M; (common source) and M, (common gate) form the cascode amplifier.
The use of cascode amplifier eliminates Miller effect and provides better isolation from the output signal.
The current re-use network is formed by the inductors L3, L, and the capacitor C,. A portion of the supply
voltage is dropped across capacitor C, which is used to bias the upper transistor and therefore it derives
less current from the power supply. At higher frequencies, a low impedance path is created through L, and
C, as the impedance of L; becomes large. As a result, the input signal can be amplified twice with this
structure. Thus the current-reuse technique increases the gain while consuming much less power. Shunt-
series peaking network constructed with the help of Ry, Lsand Lg, is used to extend the bandwidth.
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Fig. 3. Equivalent Circuit for core stage of the LNA proposed in Fig. 2
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The input matching is achieved using the pi (7) network formed at the input by the capacitor C; and
the inductors L; and L,. The input capacitance (Ci,;) of M; makes the input impedance seen at the gate of
M; to be purely reactive, thereby providing a wideband input matching. The input impedance is given by

the Eq. (2).
1 1 1
P 2
Zm [SCJ ” [SLi " scinl ’ [1_'_ gml[SLl " scinl jJSLQJ ( )

The capacitance Ciy; that represents the parallel combination of the gate-to-source capacitance (Cgs)
and the equivalent drain-to-gate Miller Capacitance (Cgyq1) Of My, is given by the Eq. (3).

Cip = (L+ A\/l)ngl +C 4 3)

The gain of the common source amplifier (M;) is given by the Eqg. (4).
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The inductor L, acts as a negative feedback (source degeneration) thereby stabilizing the gain of the
CS amplifier. The overall gain of the proposed LNA without feedback is derived as in Eq. (6).

Artoa ® At X Ay x Ay (6)

Here, Ay is the gain contributed by the transistor (M;) and is given in Eqg. (4). The gain Ay,
contributed by the transistor (M), is derived as in Eq. (7).

Ap=0mle, @)
where
1
Z,~ sL, +R,) s (@)
2 o |l L { L | schJ
The gain Ays, contributed by the transistor (M), is given in Eg. (9).
~ —Imalos ©)
A/3 1+ gm3ro3

The common drain amplifier has low output impedance thereby enabling easy output matching of 50
Q. The output impedance can be easily matched by using the Eq. (10).

Zou ~ sl L (10)
Om3

The common drain amplifier is a source follower with a transistor and a current source. A constant
current source is provided for two purposes. It acts as the load and also helps to maintain common drain
amplifier in saturation. Thus, the circuit is biased by exact selection of component values and transistor
dimensions.

Siroos Toofan [15] demonstrated an improved noise modeling concept and derived the equation for
NF of the inductive source degenerated common source amplifier. Since the input stage of our proposed
circuit is also an inductive source degenerated common source amplifier, the same procedure is adopted in
our design. The NF of the LNA without feedback is given in Eq. (11).

NF <1+ R, + Ry L@ Ry + R+ Ry Ry (11)
Rs aQ, \ o Rs
where
2 2
4 =1+ (L+Q2)+2|c| o (1+Q?)
1
Qin = (13)

[(Rs + RLl + ans + Rg kinla)oJ

The parameters vy, 8, a are foundry dependent parameters and are taken from 90nm CMQOS BSIM 4.5
transistor model for our design.
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Fig. 5. Equivalent Circuit for the core stage with active shunt partial feedback of LNA proposed in Fig. 4

The noise performance of the first LNA is not optimum where as all other parameters are at
acceptable levels. An active shunt feedback is introduced in the second circuit as shown in Fig. 4 to
improve the NF along with input matching. Its equivalent circuit for the core stage is presented in Fig. 5.
The active shunt-shunt feedback can be considered to be made up of two loops viz. the open loop and the
closed loop. The open loop is formed by M; and M; and it provides very good amplification along with
good output matching by using current reuse technique. The closed loop of the active shunt feedback is

formed by My, Ry, Rz and Cs.
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The closed loop helps in achieving very good input matching and better NF while reducing the signal
distortion at the output. The loop gain B is given by the Eq. (14).

1
Om2 Wz ]_4)
B~ Q25 R, ~ gy —2—R (
Pl W W,
gmz gm4

where gm; is the transconductance of the transistor M;, W, is width of the transistor M,, W, is width of
the transistor M, and R; is the load resistance of the feedback loop. The input impedance with active shunt

feedback (Zyx,) is given by Eg. (15).
Ly z[ Zi j (15)
1+ ﬂzin

The impedance (Z.;) at the source of M, provides a path for the noise current l,qms Of the cascode
transistor My. Since the gate bias voltage is the same for both M, and M, the noise current lo,ms flows
from My, to the output at the ratio between the source impedance of M, and My. The noise current lonms iS
given by the Eqg. (16).

1
Ion,M4 ~ Ind,M4 % ~ Ind,M4 L (16)
1.1 W, +W,
gm4 gmz

where gm2 and gms are the transconductances of the transistors M, and M, respectively. The application of
the active shunt partial feedback reduces the gain contributed by M; and is given by the Eq. (17).

A/l‘sz( A j 17)

L+ BA,

From the Egs. (14) and (16), it is evident that the value of W, should be as high as possible to achieve the
better input matching and to reduce the output noise. But the Eqgs. (14) and (17) show that high value of
W, reduces the gain contributed by the transistor M;. So, it is necessary to choose the values of W, and R,
very carefully. In the proposed design, the ratio (W2/W,) is chosen to be 10:1 to achieve better input
matching and low NF with acceptable power gain.

3. SIMULATION RESULTS

The proposed LNAs are designed using 90 nm CMOS technology and the post layout simulations are
performed. The values of the power gain (Sz1), noise figure (NFmin), input matching (Si1), output
matching (S,,) and reverse isolation (Sy,) are plotted in dB (y-axis) versus the frequency range of 2 — 12
GHz (x-axis) in Figs. 6-10. The values of stability factor (K) and Delta (A) are presented in Figs. 11-14
over the band of interest. The linearity analysis of the proposed LNAs are given in terms of 1IP; by
plotting input power (Pin in dBm) versus output power (Pout in dBm) in Figs. 15 and 16. The summary of
the simulation results of the proposed LNAs and quantitative comparison with recently reported resistive
shunt feedback LNAs are presented in Table 1 at the end of this section.

The power gain (S,;) varies from 16.4 dB to 19.4 dB over the band of 3.1GHz — 10.4 GHz for the
circuit without feedback. With the help of active shunt partial feedback, the gain variation is minimized
and it varies from 15 dB to 16.6 dB over the band of 2 GHz — 12 GHz. From the Fig. 6, it is evident that
the proposed active shunt partial feedback ensures the gain uniformity with 0.6 dB variation in the UWB
frequency band of 3.1 GHz to 10.6 GHz.
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In the LNA without feedback, the achieved NF falls in the range of 4.9 dB to 5.3 dB over the band of
3.1GHz - 10.4GHz. From Fig. 7, it is evident that the use of an active shunt partial feedback ensures an
improved noise performance as the NF falls in the range of 2.4 dB to 2.7 dB over the band of 2 GHz - 12
GHz. This is a highly remarkable improvement obtained by the proposed active shunt partial feedback
circuit. For the circuit without feedback that uses pi-filter and inductive source degeneration, the input
matching falls below -12.2 dB over the band of 3.1 GHz t010.4 GHz, as shown in Fig. 8. The active shunt
partial feedback technique has helped in achieving a better input matching of —14 dB over the band of 2
GHz - 12 GHz. This response further justifies the use of the active shunt partial feedback for improving
input matching along with NF.
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Fig. 9. Output matching (S;,) Fig. 10. Reverse isolation (S;,)

Figure 9 shows the output matching characteristics. It is found that a very good output impedance
matching is achieved with the minimum value of — 34 dB at 6.5 GHz and less than — 10 dB over the entire
band of 3.1GHz to 10.4 GHz for the circuit without feedback. Thus, the application of active shunt partial
feedback helps to achieve the output matching in the range of — 10 to — 20 dB over the band of 2 GHz to

I1JST, Transactions of Electrical Engineering, Volume 36, Number E2 December 2012



A low power, high gain, low noise amplifier with... 171

11 GHz with a minimum value of — 32 dB at 7 GHz. The reverse isolation characteristic is shown in Fig.
10, and it is found that the minimum value is about — 112 dB. The reverse isolation is found to be well
below — 60 dB throughout the entire frequency range of 2 GHz — 12 GHz, thereby offering better stability.
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Fig. 11. Stability factor (K) for the LNA without feedback
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The stability [16] of the proposed amplifier is determined by using Rollet’s Stability Factor (K) [17]
from the set of S parameters at the frequency of operation by using the Egs. (18) and (19). The values of these
two stability parameters K and A help to determine whether the amplifier is stable or not.
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Fig. 13. Stability factor (K) for the LNA with active shunt partial feedback
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The parameters must satisfy K >1 and |A| < 1 for a transistor to be unconditionally stable. It is evident

from Figs. 11 to 14 that both the proposed circuits are unconditionally stable since the value of K is greater
than 40 and the value of |A| is less than 0.071 for the entire band.

Linearity is the criterion that defines the upper limit of detectable RF input power and sets the

dynamic range of the receiver. The linearity of an amplifier is described in terms of 1dB compression
point (P.gs) and third-order input intercept point (I1Ps). The 1dB compression point is defined as the input
level at which the gain drops by 1dB due to the saturation effect. As the low power UWB signal rarely
suffers from gain compression, Pygs is not calculated for UWB LNA [18]. A two tone test is used to
measure the 11P;. The 1IP; is calculated by applying two —20 dBm test tones separated by 2 MHz and
swept from 2 — 12 GHz. From Fig. 15, it is observed that an 11P3 of — 4.242 dBm is achieved at 7 GHz for
the proposed circuit without feedback. From Fig. 16, it is evident that the active shunt partial feedback
employed in the proposed circuit helps us to achieve the linearity with an I1P; of — 1 dBm at 7 GHz.
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Table 1. Simulation results summary and quantitative comparison with resistive feedback LNAs

P 1 [9] [10] [11] [12] [13] [14] Our Work
arameters
Without FB | With FB
Technolo 0.18um | 0.18 um | 0.18 um | 0.18 um | 0.18 um | 0.18 um 90 nm 90 nm
gy CMOS CMOS CMOS CMOS CMOS CMOS CMOS CMOS
Cascode + Cascode +
Tooolo Resistive | Resistive | Resistive Resistive Resistive | Resistive Cascode Active Shunt
pology Feedback | Feedback | Feedback Feedback Feedback | Feedback Partial
Feedback
3dB Bandwidth | ) 1, | 31906 | 3-5 3-8 |07-65[31-106| 3-104 2-12
(GH2)
Power Gain 12 9.7+1.1 |6.82-951 15.2 125 | 74-92| 16.4-19.4 | 15-16.6
Sz (dB)
NO'SG(Z'g;”e NF| 02-08 |34-384(3.26-4.16(3.14-68| 35-42 | 41-7 | 49-52 | 24-27
Input Matching,
Sy, (dB) <-10 <-6.7 <-11.8 -8 <-11 <-9.7 <-12.2 <-14
Output Matching
S, (dB) <-10 <-85 <-10.4 <-10 <-10
Reverse Isolation
<-31 <- <-
S, (dB) 3 60 60
35@7 3.56 ) -5@5 7.25 -4.242 -1
11P3 (dBm) GHz @ 4 GHz 6.63 GHz @6GHz| @7GHz @ 7 GHz
Power
Dissipation Pp 11.9 14.4 9.7@ 3.77 @ 111@ 235@10 2.862 @ 1V |3.643 @ 1V
1.8v 1.8v 1.8v Vv
(mw)
FOM 17 7.5 10.87 24.22

The dc power consumption is calculated by measuring the total current drawn from 1 V power
supply. The proposed LNA without feedback consumes 2.862 mW since it draws 2.862 mA from the
power supply. The proposed LNA with active shunt partial feedback draws a slightly higher current of
3.643 mA leading to 3.643 mW of power consumption. A figure of merit (FOM) [5] suitable for
evaluating the performance of a wideband LNA is given in Eg. (20).

821 e BW (GHZ)
(NF —1) e Pdc(mW)

(20)

FOM :{

The proposed LNA without feedback achieves a FOM of 10.87, whereas the LNA with the active
shunt partial feedback achieves a FOM of 24.22. The increase in FOM justifies the use of active shunt
partial feedback for improving the performance.

4. CONCLUSION

In this work, the LNA with a cascode amplifier as the core stage is first designed with a simple pi-filter
network to achieve wideband input matching and a voltage buffer to obtain broadband output matching.
By employing the current reuse technique, a high gain of 19.4 dB is obtained over the entire UWB
spectrum with low power consumption of 2.682 mW. The LNA achieves a FOM of 10.87 but it suffers
with very high NF of 5.2 dB. The NF is reduced by using an active shunt partial feedback in the second
circuit with wideband input matching and good linearity. Though there is a marginal increase in the power
consumption of 3.643 mW, it achieves an improved FOM of 24.22 with very low NF of 2.4 dB over the
band of 2 to 12 GHz. The active shunt partial feedback also helps to improve the 11P; from — 4.242 dBm to

December 2012 I1JST, Transactions of Electrical Engineering, Volume 36, Number E2



174 V. Vaithianathan et al.

— 1 dBm. Thus, the proposed LNA with active shunt partial feedback claims the advantages of flat gain
over the band of interest, better input matching, very low NF, good linearity and low power consumption.
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