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Abstract: A 2.4 GHz radio frequency receiver front end with an on-chip transformer compliant with IEEE
802.11b/g standards is presented. Based on zero-IF receiver architecture, the front end comprises a variable gain
common-source low noise amplifier with an on-chip transformer as its load and a high linear quadrature folded
Gilbert mixer. As the load of the LNA, the on-chip transformer is optimized for lowest resistive loss and highest
power gain. The whole front end draws 21 mA from 1.2 V supply, and the measured results show a double side
band noise figure of 3.75 dB, —31 dBm IIP3 with 44 dB conversion gain at maximum gain setting. Implemented
in 0.13 zm CMOS technology, it occupies a 0.612 mm? die size.
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1. Introduction

In the past decade, the extraordinary growth of the wire-
less communication market, such as cell phones, wireless lo-
cal area networks (WLANS), personal digital assistants (PDAs)
and other hand-held devices, has led to a great demand for wire-
less connectivity devices, also generates huge interest in low
cost, silicon based, radio frequency integrated circuits (RFICs)
using complementary metal-oxide—semiconductor (CMOS)
technology.

Due to the continuously shrinking feature size of CMOS
technologies, the integration of the analog and digital compo-
nents for the “system-on-chip” solution is now available. To
succeed in the current market and to keep cost down, fully
integrated low power wireless transceivers have now become
mainstream.

Although monolithic inductors have been found extensive
usage in RF CMOS circuits to reduce the number of passive
components on board, the balun is traditionally realized off-
chip. This increases the system cost and reduces the sensitivity
by at least 1 dB for its insertion loss before the LNA.

Although some on-chip spiral transformers used in silicon
radio-frequency integrated circuits have been reported to per-
form impedance matching!, signal coupling!!-2!, etc, the per-
formance of these circuits is strongly affected by the quality of
the transformer itself. Therefore, an optimization procedure is
required when designing the transformer to achieve high per-
formance in terms of higher power gain and lower resistive
losses.

Meanwhile, as a critical building block in the receiver, the
performance of an RF front end determines the sensitivity and
linearity of the system. In order to meet the strict 802.11b/g
standards, a 2.4 GHz receiver front end with an optimized on-
chip transformer implemented with 0.13 um CMOS technol-
ogy is presented in this paper.
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Based on zero-IF architecture[3], the front end includes a
transformer-loaded LNA, a quadrature-folded Gilbert mixer
with high linearity and a TIA (transimpedance amplifier)
buffer. The on-chip transformer is designed and optimized
for lower resistive losses and higher power gain. This design
achieves a measured voltage gain of 44 dB, 3.75 dB DSB noise
figure and —31 dBm IIP3 at high gain mode. The front end can
provide 32 dB gain variation range with 16 dB/step while draw-
ing 21 mA from a 1.2 V supply.

2. Receiver front end architecture

According to the standards of IEEE 802.11b/g, the signal
from 2.412 to 2.484 GHz is available, and the required receiver
sensitivity is better than —65 dBm for 64QAM at 54 Mb/s. For
Sensitivity = —174 dBm/Hz + NF + 10lg B 4+ SNRyin[?!, the
noise figure of the receiver must be lower than 10 dB, when B
is 20 MHz and SNR,;, is 26.5 dB. In addition, if the receiver
sensitivity is better than —70 dBm, the noise figure of receiver
front end should be lower than 5 dB and the conversion gain of
FE must be higher than 35 dB.

A narrowband zero-IF architecture is used in this work to
achieve high level integration and to avoid image signal inter-
ference. Although the zero-IF architecture brings a high DC-
offset, it can be cancelled after VGA through a DCOC in base-
band. The flicker noise corner frequency of the mixer must be
lower than 100 kHz for the zero intermediate frequency.

In the RF receiver front end, the noise of the LNA is the
biggest contributor to the overall noise of the WLAN system.
Thus, the LNA must be designed to have low noise, while keep-
ing high power gain and high linearity. The mixer should have
good linearity. The noise figure of the mixer is affected by the
amplitude of the LO (local oscillator) signal, so the amplitude
of LO signal must be large enough.

A simplified block diagram of the front end for a 2.4 GHz
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Fig. 1. Block diagram of receiver front end.
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Fig. 2. Resistive loss diagram for balun.

receiver is shown in Fig. 1.

The single-ended input signal is amplified by an inductor-
degenerated CSLNA, which is also single-ended and loaded
by an optimized transformer. The on-chip transformer converts
the 2.4 GHz single-ended signal to a differential one. After that,
the differential RF signal is delivered to a transconductance
stage with an LC tank and is subsequently down-converted
to base-band signal by active double-balance mixer switches.
Mixer linear switches carry few DC currents for flick noise re-
duction in this structure. The down-converted baseband signal
current is delivered to a transimpedance amplifier (TIA) buffer
which is also a current to voltage converter.

3. Circuit implementation

3.1. Optimization of transformer

An on-chip balun is optimized for area efficiency and a
high Q characteristic. When it operates as a tuned load, the
high Q characteristic can reduce the power consumption of the
circuit.

Various methods for transformer optimization have been
reported, such as minimizing the insertion loss[*! and maximiz-
ing the available power gain!®]. In this paper, the key is maxi-
mizing the power delivered to the load. A diagram is shown in
Fig. 2, where Zt represents the resistive loss of the balun.

Due to the resistive elements, it is impossible to achieve a
conjugate match at the primary coil (point A) and the secondary
coil (point B) of the transformer at the same time.

When conjugate matching at A, Rs = Rt + Ry, the
power delivered is simply,

|Voms|*
Py = Rui + R
A (Rs + Rr + RL1))? + (XS+XT+XL1)2( H 2
2
Vi
4Rs
(1)
Vims|*
Py = R
BT (Rs+ R+ RL)2 + (Xs + X1+ X )2 -
_mwm RY) @
- 4R§ S T)»

where Vs is the root-mean-square (RMS) voltage across
source.

On the other side, conjugate matching at B, Ry, = Rs +
RT7

| Vimms|?
Prr = R»+ R
= Rs T Rt R + (Ks 1 X 1 Xppp2 2 T R0
= M(Rs + 2Ry),
4(Rs + R1)?
3
P, = |Vrms|2 Ri»
(Rs + Rr + Ri2)? + (Xs + X1 + X12)?2
Vims|?
= i 4)
4(Rs + Rr)

Comparing the results, it is clear that conjugate matching
at the secondary coil of the balun can transfer a higher power
to RL.

|V1‘ms|2 RT 2
Ppy — Ppo = >0,
4Rs \ Rs + Rt
Pg, — P Vews* R 0 %)
—_ = — > .
B2 OPT 4R Ry + Ry
3.2. CSLNA

The low noise amplifier is a key block in a typical radio
receiver. Generally, the main goal of LNA design is to achieve
simultaneous noise and input power matching. Although com-
mon source input stages degrade the linearity and increase the
sensitivity of the input matching, it is still a widely used topol-
ogy in narrow-band RF applications.

In the previous work of this author, a common-gate topol-
ogy was employed to obtain better linearity and easier match-
ingl!l. However, it degrades the sensitivity of whole system for
a higher noise figure.

Thus, a cascode CSLNA with inductive source degener-
ation is used in this paper, as shown in Fig. 3. The inductive
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Fig. 3. Transformer-loaded CSLNA.

source degeneration produces a real part wrL; in the input
impedance, which can be matched to the real part of the source
impedance. As a tuned-load of CSLNA, the integrated trans-
former T1 makes a single-ended-to-differential conversion and
reduces current consumption by half, as compared with a dif-
ferential LNA of the same power gain.

The high Q characteristic of the on-chip balun is required
as mentioned above. The reactive impedance _W;Cz is shunt-
connected to the primary coil to maximize the available output
power for conjugate matching at secondary coill®!; meanwhile,
the capacitor C4 tunes the tank resonance at 2.45 GHz.

The cascode transistors M2 and M3 isolate the input and
output matching, and the gain can be changed by current steer-
ing with different sizes of cascode transistors. However, it can-
not satisfy the need of higher linearity at middle-gain and low-
gain mode just by the steering current. A shunt transistor M6
and a bypass switch M7 are used to obtain higher linearity
for middle-gain and low-gain mode respectively, which bring
about high noise at the same time.

3.3. Folded Gilbert mixer

The mixer is the last stage of the RF front end followed
by filter. The filter block makes the linearity of mixer one of
the bottlenecks of the whole receiver chain. As an RF block,
a mixer should be also designed with a low noise figure and a
moderate conversion gain to reduce the noise contribution of
the subsequent IF blocks.

Different topologies are used for implementing mixers:
current commutated mixer, sub-sampling mixer, potentiomet-
ric mixer, passive mixer, etc.[? 7], Figure 4 illustrates a con-
ventional Gilbert mixer, which is also a double-balance active
mixer. It is widely used to achieve good port-to-port isolation,

IF_ip IF_in

lo_ip lo_ip

Fig. 4. Typical Gilbert mixer.

a medium noise figure and a moderate conversion gain.

However, the linearity of this configuration is bounded by
the input NMOS transconductor and the voltage supply!®l. To
improve linearity, a proper Gilbert mixer is presented in this
paper, which can operate at low supply voltages by folding the
input transconductor stage.

The transconductor and switch stage can be biased sepa-
rately in the folded cascode structure, which can supply more
voltage headroom for both stages!®!. Flicker noise can be re-
duced by minimizing the DC current of the switches, mean-
while, the required linearity can be satisfied by biasing the
transconductor stage appropriately. In fact, the folded cascode
mixer has the same theory to improve linearity as immitting
current to transconductor stagel?l, which optimized the noise
figure and linearity simultaneously.

As described in Fig. 1, the whole mixer includes a
transconductance stage, active switches, RC-CR, LO buffer
and TIA buffers. The main block of folded Gilbert mixer is
depicted in Fig. 5, and the diagrams of LO buffer and RC-CR
are shown in Fig. 6.

The transconductance stage of folded Gilbert mixer,
loaded by an on-chip LC tank, is a differential common-source
amplifier with resistive degeneration. Although resistive de-
generation adds noise, its advantage for improving linear-
ity is clear too. To reduce power consumption, one common
transconductance stage is used for both IQ paths.

Mixing is achieved by the active switches, which are bi-
ased with few DC current to reduce the flicker noise of mixer.
Furthermore, the common mode noise produced by the switch-
transistors and LO port, is rejected at the differential output.

The transconductance stage performs a voltage to current
conversion of the RF signal, and, then, the current signal can
be commuted by the local oscillator (LO) through the active
switches. Following the quadrature active switches, there is a
TIA buffer at both I and Q paths. It performs as a current-to-
voltage converter and also a first order low pass filter.

For a quadrature mixer, a better orthogonality can mini-
mize the image interference. As shown in Fig. 6, the LO signal
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HI M23
I: Table 1. Summary of WLAN front-end performance.
R Parameter Measured value
’ HG MG LG
— NN\ ——o vout
vou Conversion gain (dB) 42 29 2
c DSB noise figure (dB) 3.75 14 30
' | I“ | IIP3 (dBm) =31 -16 0
vin © 1] | M22 Current consumption (mA) 21
Supply voltage (V) 1.2
Area (mm?) 0.612
Technology 0.13 um CMOS

Fig. 6. RC-CR and LO buffer.

amplitude. Even for long running layout lines of differential
is converted from differential to orthogonal locally by usinga  RF signal, the local orthogonal LO signal achieves a good per-
RC-CR circuit and amplified by a LO buffer to guarantee its  formance.
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Table 2. Front-end performance comparison.

Parameter Ref. [10] Ref. [11] Ref. [12] This work
Process 0.18 pum CMOS 0.13 pm CMOS 0.13 pum CMOS 0.13 pum CMOS
Support voltage (V 1.2 1.8 1.5 1.2
pp g
Architecture Low-IF N/A Low-IF Zero-1F
Noise figure (dB 5 3.9 (only LNA 3.1 3.75
gu Yy
IIP3 (dBm) N/A N/A -12 =31
Gain (dB) 43 (total receiver) 12.9 (only LNA) 30 44
Area (mm?) N/A N/A 1.1 0.612
Current consumption (mA) 2.2 8 8 21
a Mkrl 208.8 kHz] DUT Downcony L0 Mode Fixed
Ref & dBm fAtten 16 dB —44.593 dB Sideband DSB__LO Freq 2.43760 GHz
Samp 1r Freq NoiseFig dB | Gain dB
Lo I T 10.0000 MHz 44.093
&/ i I oc coueled| | (102000 iz it
|RBH ‘f l‘ ‘\ ‘i 10.3000 HHz 44209
| P ’ . |- 10.4000 MHz 44.179
10.8 kHz ] EiRIENE N I 10.5000 MHz 44189
— e e 10,6000 MHz
IR S e 10.7000 MHz
10.8000 MHz
10.9000 MHz
LgAv 11.6) 1H]
Center 5.000 @ MHz Span 1 MHz
#Res BH 1@ kHz VBH 1@ kHz Sweep 38.16 ms (601 pts)
Marker Trace Type A fAxis Amplitude
1R (&5 Frag 5.182 8 MH=z -13.38 dBm
1a &5 Frag 280.8 kHz -44.89 dB Start 10.00 MHz BH 2 MHz Points 11 Stop 11.08 MHz
Teold 299.51 K Avgs 3 Att 15/-- dB  Loss Off Corr
(a) High gain mode 11P3 (b) High gain mode NF DSB and gain
Fig. 8. Measurement result of the front end at high gain mode.
a Mkrl 260.8 kHz f DUT Downcony L0 Made Fixed
Ref 6 dBm Btten 18 dB _42.943 dB Sideband OSB L0 Freq 2.43706 GHz
famp Tx Freq NoiseFig dB | Gain dB
0
—
4B/ I I OC Coupled - = : ’
200.000 kHz EiRE =N IR 10.5000 Hiiz 14208 25,899
—42.943 dB - o o —— 105000 HHz 147251 52.839
o 10.7000 MHz 14.271 28.841
%%.g@% MHz 14.173 %8.9@@
LoAw . [ .
Center 5.000 6 MHz Span 1 MHz
#Res BH 18 kHz VBH 18 kHz Sweep 38.16 ms (601 pts)
Marker Trace Type ¥ Axiz Amplitude
1R (48] Freg £.182 8 MHz -13.82 dBm
1a €8] Freg 286.8 kHz -42.94 dB Start 10.88 MHz BH 2 MHz Points 11 Stop 11.08 MHz
Teold 299.57 K Augs 3 Att 18/-- dB  Loss Off Carr

(a) Middle gain mode 11P3

(b) Middle gain mode NF DSB and gain

Fig. 9. Measurement result of the front end at middle gain mode.

4. Measurement results

The front end of the receiver is designed and fabricated in
a 0.13 um CMOS technology with 1.2 V power supply. The
die photograph of the whole front end, which only occupies
0.612 mm? die size, is shown in Fig. 7.

The measured noise figure, conversion gain and IIP3 of
the front end at different gain modes are shown in Figs. 8-10,
respectively. The spur in the spectrum, which is close to the
first-order IF output, is caused by the PLL output spurs.

Since the lowest operating frequency of the noise figure
analyzer is 10 MHz, the noise figure and conversion gain are
measured with the IF output at 10-11 MHz. The input fre-
quency of the two tone testing for IIP3 is setting at 2.4419 and

2.4421 GHz, with the first-order IF output at 4.9 and 5.1 MHz.
Meanwhile, the input power is —53, =37 and —14 dBm at dif-
ferent gain modes.

Based on the following formulation, the linearity of front
end at different modes is gotten.

Pt — P3yq

11P3(dBm) = Piy + ——

(6)

In general, the measured results of the front end are listed
in Table 1. Table 2 compares the proposed front end with the
recently reported CMOS receiver’s front end. It can be seen
that this work shows a better performance on less die area, low
noise figure and high conversion gain.
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a Mkrl 266.6 kHz| OUT Dawncony L0 Mode  Fixed
Ref O dBm Atten 10 dB ~36.695 dB Sideband DSB L0 Freq 2.43700 GHz
Eamp 1r Freq NoiseFig dB | Gain dB
1y R
1000 MHz . .
dB/ fi \ “ “ OC Coupled 1072000 MHz 32973
By e oy 4o
g 4000 MHz .
-200.000 kHz AT RPT A=A A i 10°5080 MH> 34127
-36.695 dB ~— e 10,5000 MHz 30,790
o 10.7000 MHz 29.916
10.8000 MHz 30.514
10.9000 MHz 29.950
LgAv 11.0000 MH
Center 5,600 8 MHz Span 1 MHz
#Res B 10 kHz VBK 16 kHz Sweep 38.16 ms (BO1 prs)
Marker Trace Type H Axis Amplitude
1R 1 F 5.182 8 MH -11.76 dB
1a 8 F:zg 208.8 kH; _36.78 dg Start 10.06 MHz BH 2 MHz Paints 11 Stop 11.88 MHz
Tcold 299.52 K Avgs 3 ftt 10/—— dB  Loss OFf  Corr
(a) Low gain mode ITP3 (b) Low gain mode NF DSB and gain

Fig. 10. Measurement result of the front end at low gain mode.

5. Conclusion

A 2.4 GHz zero-IF direct conversion receiver front end,
which is implemented in a 0.13 um CMOS technology, has
been presented in this paper. The front end includes an in-
ductive degeneration common-source LNA and a quadrature
folded Gilbert mixer. As the load of an LNA, the on-chip trans-
former is optimized for lower resistive loss and higher power
gain. The front end draws 21 mA from 1.2 V and attains a mea-
sured DSB NF of 3.75 dB, a conversion gain of 44 dB and I1P3
of —31dBm at maximum gain setting. The front end occupies
0.612 mm? die size in the 0.13 wm CMOS technology.

References

[1] Peng M, Lin M, Shi Y. A 2.4 GHz front-end with on-chip balun
ina 0.13 um CMOS technology. ICSICT, 2010

[2] Cassan D J, Long J R. A 1-V transformer-feedback low-noise
amplifier for 5-GHz wireless LAN in 0.18 um CMOS. IEEE J
Solid-State Circuits, 2003, 38(3): 427

[3] Chi Baoyong, Yu Zhiping, Shi Bingxue. Analysis and design
of CMOS RF integrated circuits. Beijing: Tsinghua University
Press, 2006 (in Chinese)

[4] Kim S, Lee K, Lee J. An optimized design of distributed active

transformer. [EEE Trans Microw Theory Tech, 2005, 53(1): 380

[5] CarraraF, Italia A, Ragonese E. Design methodology for the opti-
mization of transformer-loaded RF circuits. IEEE Trans Circuits
Syst, 2006, 53(4): 761

[6] Lee T H. The design of CMOS radio-frequency integrated cir-
cuits. Cambridge University Press, 1998

[7] Johns D, Martin K. Analog integrated circuit design. New York:
John Wiley and Sons, 1997

[8] Klumperink E A M, Louwsma S M, Wienk G J] M. A CMOS
switched transconductor mixer. IEEE J Solid-State Circuits,
2004, 39(8): 1231

[9] Lin M. Research on low noise, high linearity RF front end cir-
cuit design with CMOS technology. Beijing: Tsinghua Univer-
sity, 2004

[10] Bevin G P, Rajarshi M, Laskar J. A low-power fully monolithic
subthreshold CMOS receiver with integrated LO generation for
2.4 GHz wireless PAN applications. IEEE J Solid-State Circuits,
2008, 43(10): 2229
[11] Lin C, Morin M, Kalkur T S. A 2.4 GHz common-gate LNA

using on-chip differential inductors in a 0.18 um CMOS tech-
nology. International Conference on Electrical, Communications

and Computers, 2009
[12] FengY, Takemura G, Kinger P. Design of a high performance 2-

GHz direct-conversion front-end with a single-ended RF input in
0.13 um CMOS. IEEE J Solid-State Circuits, 2009, 44(5): 1380

125002-6



