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Abstract

An adjustable mixer for surface acoustic wave (SAW ) -less radio frequency ( RF) front-end is
presented in this paper. Through changing the bias voltage, the presented mixer with reconfigurable
voltage conversion gain ( VCG) is suitable for multi-mode multi-standard (MMMS) applications. An
equivalent local oscillator (LO) frequency-tunable high-Q band-pass filter (BPF) at low noise am-
plifier (LNA) output is used to reject the out-of-band interference signals. Base-band (BB) capaci-
tor of the mixer is variable to obtain 15 kinds of intermediate frequency (IF) bandwidth (BW). The
proposed passive mixer with LNA is implemented in TSMC 0. 18 um RF CMOS process and operates
from 0.5 to 2. 5GHz with measured maximum out-of-band rejection larger than 40dB. The measured
VCG of the front-end can be changed from 5 to 17dB; the maximum input intercept point (I1IP3) is
0dBm and the minimum noise figure (NF)is 3.7dB. The chip occupies an area of 0.44mm’ inclu-

ding pads.

Key words: reconfigurable, radio frequency ( RF) front-end, multi-mode multi-standard
(MMMS) , high-Q band-pass filter ( BPF') , cross-coupled common gate low noise amplifier ( CC-CG

LNA), CMOS

0 Introduction

Recently, various kinds of wireless communication
standards for handset mobile terminals are emerging
and the whole industry is making great effort to enable
mobile terminals to support more and more communica-
tion applications''’. As an integral part of mobile plat-
form, the radio frequency ( RF) front-end needs to be
reconfigurable for cellular communications and short
range communications such as wireless local area net-
works ( WLAN ).
standard (MMMS) systems with a large number of sur-

Conventional multi-mode multi-

face acoustic wave ( SAW) filters are cumbersome for
commercial applications. Thus, studying SAW-less
MMMS RF front-end becomes an important trend'>~’ .
One way to implement SAW-less RF front-end is
depicted in Fig. 1. Use a high Q impedance translation
band-pass filter ( BPF) by adopting a passive mixer
following with a base-band ( BB)
(LPF). And the gain and intermediate frequency
(IF) bandwidth ( BW) should be adjusted for MMMS

applications, which is a big challenge. Recently, some

low-pass filter

SAW-less RF front-ends have been reported, while the
gain and IF BW of these designs are fixed **). The low
noise amplifiers (LNAs) could be blocked by interfer-
ence signals. Another front-end structure can adjust
gain and IF BW by changing transimpedance amplifier
(TIA), while the operational amplifier of TIA
needs quite large gain-bandwidth.

1KFINP

m [Fourp
) I
LNA o (M R) > | LPF |
RF } ; : IFoum
Z g E Z npB i
‘ <20dB/dec 20dB/dec
f, RF freq. f IF freq.

Fig.1 Block diagram of a SAW-less RF front-end

In this paper, a tunable voltage-mode passive
mixer is proposed with a cross-coupled common gate
(CC-CG) LNA to handle interference signals. It can
be flexibly reconfigurable in terms of VCG and IF BW
performance, which is a great advantage for SAW-less
MMMS RF front-end.
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The paper is organized as follows. Section 1 dis-
cusses the high Q RF BPF based on passive mixer im-
pedance translation model. Section 2 analyzes the de-
sign considerations for CC-CG LNA. In Section 3, a
transistor-level of the SAW-less RF front-end is presen-
ted. The measurement results are shown in Section 4.

Finally, conclusions are drawn in Section 5.

1 Tunable high-Q RF BPF based on pas-
sive mixer

A high-Q RF filter forms the core of the SAW-less
RF front-end, and the main body is made of a pair of
double balanced mixing switches as depicted in
Fig.2(a). This mixer can be used as an N—path filter
if its output connects with a BB capacitor . A 4-
phase or 8- phase local oscillator (LO) would provide
additional benefits in harmonic rejection and noise.
However, 4-phase or 8-phase LO will increase power
consumption and make the circuit design more compli-
cated. For simplicity, the mixer of this study is driven

by a 50% duty cycle LO.

1.1 Reconfiguration analysis
The LNA acts like a transconductance stage. In

Eh

180°==Cy,

TN

(a) architecture of BPF

order to analyze the performance of high-Q RF BPF
with LNA, [,

Current I, (w) flows out from LNA output which can

the circuit is simplified in Fig.2(b)

be expressed as

Iyp(w) = Gm,eff * Vi (@) (1)
where w is RF angular frequency, G, . is the effective
transconductance of LNA. Denote Z,,(w) as the out-
put impedance of LNA, R is the mixer switch on-re-
sistance,, Z, (Aw) is the impedance of Cy,, 7 is the
scaling factor for Z,; (Aw) , and Z, (w) represents the
power dissipation due to BB signal re-up conversion to
the RF side, which is expressed as

Z,(Aw) = ﬁL(RwZM(Aw)) (2)

And the input 1mpedance of the mixer is
Zyx(Aw) = Ry + nZy(Aw)//Z, (o) (3)
where Aw = w — w,;,. Based on this, the output can be

deduced ;

V()u'r(Aw) = dgpt (Zkﬁ‘(w)//ZMlX<w))
) Ny (Aw)/ /7, (@)
ZMIX(w)
4776m,e/fZBB(Aw)ZRF((U>
= we (@)
Zp(Aw) +4(Rgy + Zpe(w) )
(4)
ZMIX(w)
- r P Vour (@)
Iyr (W) Zkr(“))

Zsu(w) %IIZBB(‘U)

(b) impedance translation model

Fig.2 High-Q RF BPF model with LNA

The following assumptions can be made for out-of-
band interferers:

Aw >>BW/2 — Z,,(Aw) =

1
JAwC <<4(Rgy + Zp(w)) (5)
BB

Therefore, the VCG for out-of-band interferers is
simplified as

VCG(w) =

Vour(Aw) - Ucn,,e/]‘ZRF<w)
RF(w) (RSW +ZRF(CU)>

ZBB(Aw>
(6)

where Z,,(w) is hardly changed around input frequen-
cy. So VCG is proportional to Z,,(Aw) , that means
the impedance of BB capacitor with LPF profile trans-
fers a high-Q BPF at LNA output and the center of BPF

is just at LO frequency (Fig.3(a)). Furthermore, if

the value of C,; can be adjusted, the BW of BPF will
change accordingly (Fig.3(b)).

Worthy to mention that Ry, is only in the denomi-
nator of Eq. (4) and it doesn’ t affect other parame-
the VCG

could be reconfigured easily. The Ry, can be presented

ters. If the value of Ry, can be changed,

as

1
Rgy = (7)

W
w,C,, f( Ves = Viw)

where w and L are the width and length of switching
MOS transistor. V,y, is the threshold voltage; C,y, the
gate oxide capacitance per unit area; w,, the mobility
of charge carriers and Vg is gate-source voltage of the
switching MOS. Therefor Ry, is controlled by V. If
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Ry is reduced linearly by changing the gate voltage
(VB,,) of switching MOS, VCG will increase gradual-
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ly (Fig.3(c)).
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Fig.3 High-Q RF filter characteristic under different conditions

Back to Fig.2(b),
as follows:
App(@) = Ipe * Zip(0)// Zy (@) = Inp * Zip(0)//
[Rw + 4772<st + Ly () ) Zyy <2A(U) ]
) dn(Rgy + Zpe(w)) + (n =41 ) Zy(Aw)
(8)

The following assumptions could be also made for

the LNA gain can be obtained

in-band signal ;
1 4(Rgy + Zpp(0))

VA = >>
m(Aw) JAwCyy 1 -4y

(9)
The LNA gain can be approximated as
A
Api(w) = I - Z,H(w)//[ + n Aﬁ(w)]
1 -4y
(10)

It means that a small R, will decrease LNA gain

1—47]

and improve linearity due to smaller voltage swing at
the output of LNA. Therefore, a small value of Ry, will
results in a larger VCG and higher linearity, that is
very critical.

1.2 Noise analysis

The noise sources are introduced in the architec-
ture of the proposed high-Q RF BPF in Fig.4. The
thermal noise of source resistor R and mixer on-resist-
ance Ry, are 4kTR and 4kTR g, separately, where k de-
notes the Boltzmann constant and T is the absolute tem-
perature. I° ,,, is the noise current flows from LNA.

The noise of mixer equivalent resistance is also white

noise, so it will be down-converted by all the harmon-
ics of the f}, to baseband output. The noise of mixer at
output is given by Ref. [ 10 ].

%

n,out_mix

= 4kTRgy + > a, (11)

where @, is the Fourier coefficient which depends on
phase number of LO. Thus NF of the circuit from

Fig. 4 can be obtained as
72
NF — 1 + n, LNA

kTR - G,
%,_/

LNA

+oo
2
™ Ry * Z a,

m e/j (ZRF(w>//ZWIX(w>)

MIXER

+
4R, -

(12)
Same as Eq. (9), for in-band signal NF can be
approximated to

72 TrZRSW : Z a,
NF ~ 1 + n, LNA + -
kTR Glzn Joff 4R an Leff (477ZRF(60) )2

(13)
As Eq. (13) shown, the best way to reduce the noise

is to increase G,, . In addition, increasing the load of
LNA and decreasing the parastic capacitor at LNA out-
put also could improve the noise performance of the

whole circuit.
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Fig.4 The simplified circuit model with main noise sources

2 CC-CG LNA design

High-Q BPF works at LNA output. When out-of-
it should not be
otherwise the LNA will be blocked. CG

LNA converts a voltage input signal to a current signal

band interference enters into LNA,
amplified ,

at output and interference can be filtered at LNA out-
put.

CC-CG LNA is used in Fig.5, because it has g,
boosted effect''>!. When C, > C,,
conductance G, . =~ 2g,;, where C;,C, and g, are the

the effective trans-

cross-coupled  capacitor, gate-to-source capacitor,

transconductance of M, and M, respectively. The ap-
proximate NF of CC-CG LNA is
C,+Cc\, 4R
Fec ~1+l(7g" ‘)+—
ceee alc, +2¢,) R,
4R
~1+2 14
"2a TR, (14)
And for traditional CG LNA
4R,
Foe~1+2Y 427 (15)
a L

where y and « are the bias-dependent noise parameters,
R, source resistance, and R,, load resistance.
Hence, compared with traditional CG LNA, it has low-
er NF for the same power dissipation. Size and bias of
M, and M, can be adjusted to achieve input matching.
The perfect input matching conditions occurs at R, =
1/2g,;- Decreasing the input impedance, for example,
to 30 Q will result in S;;, = —12dB, but g, increases
to 16. 7ms. That means higher gain and lower NF.
Another interesting characteristic of CC-CG LNA
is that it can reduce second-order distortion. And its

third order inter-modulation point is given'"':

AIP3 .., = g’"‘(z (Z,//Ry) +1)°
cec-ce Emi

(16)
where Z; is the impedance of external inducter. Thus

lager g, can also help to increase AIP3. In order to

further boost compression point of LNA | a 2.5V supply

1471 . . .
14 is used. Make sure no device terminal suf-

voltage
fers more than the reliability specification of the tech-
nology. L,, is external choke inductance to offer DC

path for LNA
capacitor (C ) at input pad. Cascade devices M, and

and it can also eliminate the parasitic

M, improve the reverse isolation. R, can offer large

output impedance over wide BW.
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Fig.5 Schematic of CC-CG LNA
3 Circuit implementation

The theoretical predictions are verified by imple-
menting the passive mixer with CC-CG LNA in TSMC
0.18 pm RF CMOS technology. As explained in Sec-
tion 2, the circuit is shown in Fig.6. CC-CG LNA
uses a pair of cross-coupling capacitor C, and C, to
implement g, boosting. Metal-insulator-metal capacitor
is recommended that it makes less thermal noise than
MOS capacitor. Differential transistors My & M, are bi-
ased making g,; =16.7ms, which causes the input im-
pedance to become 30Q). It is a good compromise for
matching and NF. Cascade devices M, and M, are add-
ed to improve the reverse isolation. L, and L, are off-
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chip choke inductances to offer DC path. Supply volt-
age 1s lifted to 2. 5V to compensate the voltage across
resistance load R, and R,

Mixer stage consists of a pair of double balanced
mixing switches. One key issue is the size of switch
transistors (M; — Mg ). A high W/L ratio results in a
small Ry, , and it would be beneficial to improve linear-
ity and gain. Considering the input frequency of the
mixer, the RF transistors implemented in the deep N-
well are used as switches due to their attractive high
frequency performance. Capacitor C, and C, are used
for AC current coupling from LNA stage. Zero DC cur-
rent of switch transistors improve the flicker noise per-
formance. The IF BW must be reconfigurable for
MMMS applications.

A capacitor array is taken as Cy,

which consists of four capacitors in parallel and each
capacitor is controlled by digital signal. Cy, is various
from 2pF to 46pF, and the value of BW is changed
from 4MHz to 66 MHz. the
VCG is inverse to Rgy. The value of Ry is determined
by the gate bias voltage of switch transistors. If adjus-
ting the VB, in constant then the VCG could be fine
tuned. External LO is 0dBm sinusoidal signal which is

As mentioned in part 2,

transferred into a differential signal by off-chip balun.
The
common source stage with 60€) resistance load can of-
The gate of My, and M,,
are high impedance that wouldn’ t affect the gain and
BW.

The simple buffer is implemented for test.

fer good matching at output.

LNA MIXER BUF T
1 Lo 600 600
3R RLL3 G Ms
LI Ly l RE aVies
Ms 2 f apfi0pfsoptt | VB pur T
TP B T
%) C4 M7 S S S3 T R E:
- 41< | M9 _l M|0
................ M, T CBB 1
LT A
i LO+T $LO- Ri| R, B -
€]

%7% b

External

VB Lomp g

Fig.6 Entire schematic of proposed front-end including buffer

4 Measurement results

The proposed circuit is fabricated in TSMC
0.18wm RF CMOS technology. Fig.7 shows the chip
photograph of the proposed circuit. The die area is
The measured DC
All

measurements are performed using an assembled prin-

0.7mm X 0. 63mm including pads.
current is 4.9mA from a 2.5V supply voliage.

ted circuit board (PCB). RF signal are applied using
a commercial wideband balun. The insertion loss from
external components and transmission lines is measured
at the desired frequencies and used for compensating
the measurement results.

The VCG measurement is performed with the LO
frequencies from 500MHz to 2. 5GHz in double side-
band in Fig.8. With various f;,, for example
1.5GHz, the IF BW is fixed at 4MHz and the
frequency of input signal is changed from 1. 5001GHz
to 2GHz, so that the output IF frequency can be swept
from near dec to S00MHz as high sideband VCG. Then

the input signal is varied from 1G to 1.4999G to plot the
low sideband VCG. The rejection is larger than 25dB at
100MHz offset frequency in the wideband range and
the maximum rejection larger than 40dB.

0.7mm
Ml
{Ef\'&
Al

i
cead

3

0.63 mm

15
E}{_}LLH_I_’DU{_H_J{_]

Fig.7 Die micrograph of the test chip
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The IF BW should be flexibly reconfigurable for
multimode application. Fig.9 shows the measured VCG
with 1.5GHz LO frequency. The IF BW depends on
the value of Cyy and it can be adjusted from 4MHz to
66MHz for different Cp. This SAW-less RF front-end
can offer 15 kinds of IFF BW to adapt different commu-
nication standards.

40

w
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1 10 100
IF Frequency(MHz)
3.

Voltage conversion gain (dB)
S
T

0
-10
-20
0 0.5 1.0 1.5 2.0 2.5 3.0
LO frequency (GHz)
Fig.8 Measured VCG curves of proposed circuit

with different LO frequency
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Fig.9 Measured IF bandwidth with different Cy

Fig. 10(a) shows measured 1-dB Compression
curves at 4MHz IF BW ( Cy; is 46pF) and 1.5GHz LO
frequency. Then 1-dB Compression points are found
under various offset frequencies (Af = f, — fi,) 1o
compare the variation of linearity. Fig. 10(b) depicts
measured 1-dB compression points of 4 different IF
BW. It clearly shows that the linearity of out-of-band is
much better than in-band. So the circuit can resist
higher interference signals at out-of-band frequencies.

v

1 10 100
Frequency deviation (MHz)
(b) measured 1-dB compression points of 4 different
IF BW with f, =1.5GHz

Fig.10 Measured 1-dB compression point

Since we are only interested in intermodulation
products that fall in the channel band, measurements
are carried out with the two tones located at frequency
offsets Af" + 600kHz and 2Af, such that the third-order
intermodulation ( IM3 ) always falls at 1.2MHz.
Fig. 11 shows the measured [IP3 with a 1.5GHz LO
and four different Cy,. IIP3 is measured for various Af
showing that with a larger C,, engaged, the circuit
could have better linearity under same interferers.
With increasing Af, the out-band IIP3 is improved to

+0dBm.

In Section 3, the fact that different Ry, can affect
the performance significantly is discussed. Fig. 12 de-
picts the measured results to verify this concept. By in-
creasing the gate voltage of switch transistors (VB,,) ,
the Ry can be decreased. Adjusting VB, from 0.95V to
1.3V with 1. 5GHz LO frequency, the VCG is increased
from 5dB to 17dB which is shown in Fig.12(a). The
noise performance is illustrated in Fig. 12(b) which has
not much changed. The in-band IIP, and 1-dB compres-
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sion point are shown in Fig. 12(c). They are improved
almost 10dB from large Rgy to small Ryy.

2k ____I:QEC_]___ Tonel
s :%(dem ....... -20dBm
0F f=1.2MHz
3 RX

2k

Af+600KHz A f-600KHz

4

-6

Input third intercept point (dBm)

8

-10

1 10 100 1000
Frequency offset(MHz)

Fig.11 Measured in-band and out-band 11P3 at 2GHz L.O
with four Cy; settings

Considering the wideband applications, the VCG,
noise and in-band linearity are measured with varied
LO frequency from 0.5GHz to 2.5GHz. Fig.13(a)
shows in-band VCG with different LO frequency. Due
to parasitic at LNA the in-band VCG is falling from
21dB to 14dB. Fig. 13(b) illustrates the NF for differ-
ent LO frequency. The NF is smaller than 5dB when
LO frequency belows 1.5GHz and the deterioration of
the noise is due to smaller gain. The in-band IIP, and
1-dB compression point is depicted in Fig. 13(c¢). Two
tons with Af =500kHz are applied to the input of the
LNA with power —20dBm. The maximum measured
IIP, is larger than OdB at 2. 5GHz LO frequency and
larger than —13dB for all frequencies. The measured
1-dB compression point shows similar trend to that of
IIP, with respect to LO frequency.
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(a) VCG (b) NF (c) in-band ITP3 and 1-dB compression point

Fig.12 Measured VCG, NF, in —band IIP3 and

1 — dB compression point with f, =1.5GHz,

while the VB, is changed from 0.95V to 1.3V
24 L 0} —o— 1-dB Simulati
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Fig.13 Simulated and measured VCG, NF, in — band

The measured S,, and S,, are plotted in Fig. 14.
As shown, S,, is less than - 10dB from 0.5GHz to
2.5GHz which validates the broadband input matc-
hing. The measured S,, is also below —10dB over the
frequency range of 10 — 100MHz.

1IP3 and 1-dB compression point with different f;,

Table 1 summarizes the measured results of the
proposed circuit and gives a comparison with other re-
cently published wideband front-ends.
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5 Conclusion
%: This paper reports the design of a tunable mixer
< for multi-mode multi-standard ( MMMS) applications
and the circuit is implemented in TSMC 0. 18 pm RF
201 , , , , , , o CMOS process. The adjustable mixer switches have
050 0.75 1.00I 1.2t5fr 1.50 IGE 200 225 250 been proposed in order to reconfigure the VCG flexi-
nput frequency (GHz) bly. A LO frequency-tunable high-Q filter transfering
27 at LNA output can reject out-of-band interferences.
Furthermore the IF BW can be reconfigurable by using
28 o different Cp;. Measurement results indicate that the
g o designed mixer can provide low NF and high linearity
;‘h‘ 30k over wideband in the applications of MMMS wireless
communications.
31F
o
32 i ; d ;
20 40 60 80 100
Output frequency (MHz)
Fig.14 Measured S,, and S,, of proposed circuit
Table 1  Performance comparison
ESSCIRC J Semicond TMTT TMTT
The proposed work = 1o 2016 2010 2012!"
: 0.18m 90nm 0.18um 0.18um 0.13pum
Technology CMOS CMOS CMOS CMOS CMOS
RF frequency
.5-2. 4 - .7 -2, 1.5-2. .6 -
(GHa) 0.5 5 0 3 0.7 3 5 3 0.6-3
Gain (dB) 5-17 16 4 -22 22.5-25 42 -48
IF bandwidth
- 1 12 A .8-12
(MHz) 3 -66 0 N 0.8
Min NF (dB) 3.7 2.8 8 7.7 3
Max TIP3 ( dBm) 0 11 8.5 8 -14
Supply voltage (V) 2.5 1.8 1.8 1.2
Power( mW ) 12.3 13 15 10 30
. . LNTA + Mixer LNTA + Mixer LNTA + Mixer
Note LNA + Mixer LNA + Mixer +TIA +TIA +TIA
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