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Abstract A new high frequency CMOS -current-mode
receiver front-end composed of a current-mode low noise
amplifier (LNA) and a current-mode down-conversion
mixer has been proposed in the frequency band of 24 GHz
and fabricated in 0.13-um 1P8M CMOS technology. The
measurement of the current-mode receiver front-end
exhibits a conversion gain of 11.3 dB, a noise figure (NF)
of 14.2 dB, the input-referred 1-dB compression point
(P_14g) of —13.5 dBm and the input-referred third-order
intercept point (Ppp3) of —1 dBm. The receiver dissipates
27.8 mW where the supply of LNA is 0.8 V and the supply
of mixer is 1.2 V. The power consumption of output buffer
is not included. The receiver front-end occupies the active
area of 1.45x 0.72 mm? including testing pads. The
measured results show that the proposed current-mode
approach can be applied to a high-frequency receiver front-
end and is capable of low-voltage applications in the
advanced CMOS technologies.
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1 Introduction

Over the last two decades, the frequency spectra below
10 GHz have gradually become crowded because of mas-
sive requirements of data transmission from the modern
wireless applications such as Bluetooth, wireless local area
network (WLAN) and ultra-wideband (UWB), etc. Con-
sequently, many researchers start to investigate RF
transceiver front-end circuits in much higher frequency
bands like 24 and 60 GHz for example because higher
operating frequency can provide more bandwidth. In
addition to the original industrial-science-medical (ISM)
band within 24-24.25 GHz, the FCC has opened the
22-29-GHz frequency band in 2002 for short-range auto-
motive radar systems, autonomous cruise control (ACC)
for example [1]. In the 24-GHz frequency range, some
applications such as radars, wireless local area networks,
point-to-point wireless communications, local multipoint
distribution services (LMDS) and other ISM band appli-
cations are implemented by CMOS, SiGe BiCMOS and
III-V compound semiconductor [2-6].

Table 1 shows the pros and cons of different technolo-
gies which are used for the implementation of 24-GHz
systems. Although III-V compound semiconductor and
SiGe BiCMOS have good performance in higher frequency
RF circuits, the cost of these technologies is relatively
higher than CMOS technologies. In addition, these tech-
nologies suffer from the difficulties to integrate with
complex digital systems which are usually realized by
CMOS technologies for low cost and low power. With the
fast advancement of CMOS technologies, the nanometer
CMOS technologies have already become a candidate to
realize 24-GHz or even 60-GHz RF systems. Conse-
quently, nanometer CMOS technologies are recommended
to realize 24-GHz systems because of their advantages of
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Table 1 The pros and cons of different technologies

GaAs BiCMOS CMOS

gm High High Low

fr High Moderate Moderate
RF performance High High Moderate
Yield Low Moderate High
Integration Low Moderate High
Cost High Moderate Low
Technology improvement Slow Moderate Fast

higher integration level, smaller chip area, lower power
consumption and lower cost.

As the CMOS technology is scaled down to nanometer
nodes, the supply voltage is gradually reduced to around or
even below 1 V. The lower the supply voltage, the smaller
the voltage headroom is left in the design of CMOS RF
circuits. In voltage-mode circuits, the impedances of inter-
nal nodes are usually large so that the signal information can
be mostly carried with the time-varying voltage signals.
Since large enough voltage swing is required to keep signal
information, it is difficult for voltage-mode circuits to use
reduced voltage headroom under low supply voltage.

In current-mode circuits, however, the impedances of
internal nodes are smaller than those in voltage-mode cir-
cuits and voltage swings at internal nodes become smaller.
But the signal information is mainly carried with the
time-varying current signals. Consequently, current-mode
circuits can be designed under small voltage headroom.
Furthermore, when dealing with signal processing, it is
easy to perform the function of summation by simply
connecting the signal paths together without additional
amplifiers. Thus power consumption can be further
reduced. With the above advantages, current-mode RF
circuits are capable of operating in low supply voltage and
dissipating smaller power. The current-mode design tech-
niques can have great potential in the design of CMOS RF
front-end in the advanced nanometer CMOS technologies.

Two current-mode CMOS RF front-end circuits have
been published by the present authors [7, 8]. A 24-GHz
current-mode power amplifier (PA) was designed in 0.13-
pm bulk CMOS technology [7]. This CMOS current-mode
PA can achieve large output power with high power added
efficiency (PAE) in the 24-GHz frequency range. The
proposed PA is capable of operating in the low supply
voltage of 1.2 V. In [8], a 24-GHz transmitter using cur-
rent-mode approach in 0.13-um CMOS technology is
proposed. The transmitter is operated in low supply voltage
of 1V, and it consumes very small power. So far, no
current-mode CMOS receiver circuit is proposed.

The first 24-GHz receiver front-end using current-mode
design techniques in 130-nm CMOS technology is
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proposed, analyzed, and measured. The proposed current-
mode receiver front-end is of single-balance structure and
integrated with a current-mode LNA and a current-mode
down-conversion mixer. In the proposed current-mode
LNA, two cascaded current-mirror amplifiers are adopted
to realize the amplification of current signals. Following
the LNA is the current summing circuit to perform the
summation of RF and LO signals. The summed signal is
sent to the current squaring circuit to perform the function
of current mixing of RF and LO signals. The measurement
results have shown that the proposed current-mode CMOS
receiver achieves the conversion gain of 11.3 dB, the P 4p
of —13.5 dBm, and the Ppp; of —1 dBm. The measured
total NF is 14.2 dB at RF frequency of 24 GHz and LO
frequency of 19 GHz. The current-mode receiver front-end
dissipates 27.8 mW under the condition that the supply of
the LNA is 0.8 V and the supply of the mixer is 1.2 V.
Compared to other implementations for 24-GHz receiver
front-ends in [2] and [5], the proposed 24-GHz current-
mode receiver front-end has the advantage of low-voltage
operation and low-power dissipation with comparable
performances.

In Sect. 2, the architecture, operational principles, and
circuit realizations of CMOS current-mode RF receiver
front-end are described. The experimental chip is designed
and fabricated in 130-nm IP8M CMOS technology. The
measurement results are presented in Sect. 3 to verify the
circuit performances. Finally, the conclusion is given in
Sect. 4.

2 Operational principles and circuit realizations

The block diagram of the designed 24-GHz receiver front-
end is shown in Fig. 1. It is composed of a LNA and a
mixer. The off-chip signal generator provides the local
oscillator (LO) signal for the receiver. With the LO
signal at 19 GHz, the received RF signal at 24 GHz is

RF
(24 GHz)

IF
(5 GHz)

yemmmmmm e e

LO T io

(19 GHz)

Fig. 1 Block diagram of the 24-GHz current-mode receiver front-end
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down-converted to the intermediate frequency (IF) which
is at the frequency band of 5 GHz by the Mixer. The IF is
chosen at 5 GHz so that the mature RF receiver front-end
circuits at 5 GHz can be adopted to realize the second-step
down-conversion from the IF to the baseband.

In the design of CMOS LNA, the CMOS current-mirror
structure is adopted as the current amplifier and two stages
of current-mirror amplifiers are cascaded to provide suffi-
cient gain. As for the current-mode down-conversion
mixer, the high frequency analog current multiplier is
proposed. It consists of a current summing circuit and a
current squaring circuit. The detailed circuit designs and
analyses are presented in the following.

2.1 Current-mode LNA

The circuit diagram of the proposed current-mode LNA is
shown in Fig. 2(a) where M, and M, form the first-stage
current-mirror amplifier and M5 and M, form the second
stage cascaded with the first stage. All MOS are operated in
the saturation region. The aspect ratio of M, is designed M
times of that of M; whereas the aspect ratio of M, is
designed N times of that of M3. Therefore, the gate-source
capacitances of M>(M4), Cosm,(Ccsm,), is about M(N)
times of Cgsu, (Cosm,). Me—Msg with gate shorted to
drain are used to reduce the supply voltage to the amplifiers

Fig. 2 (a) Circuit diagram of
the current-mode LNA and (b) (a)

so that the LNA can be biased well and operated at low dc
power dissipation. The bypass capacitors C;—Cj3 are used
at the nodes A|—Aj, respectively, to make them ac ground
and bypass the supply noise. If Vpp is low enough, Ms—M3
and C;—Cj3 is not required as shown in Fig. 2(b). To reduce
the signal losses at the operating frequency, the inductors
L;—L5 are chosen as the loads of the current-mode LNA to
resonate out the parasitic capacitances Cr,, Cr,, and Cr, at
the nodes A4, As, and A, respectively, where Cp, =
(1 4+M)Cgsm, + Cosm,» Cr, = (1 + N)Cgsm; + Cps m,+
Cpsu, and Cr, = Cps -

The input ac coupling capacitor Cyy and the input pad
with the capacitance of Cpap; form the input matching
network of the current-mode LNA. Coyr is the capacitor
that blocks dc between LNA and the following current-
mode mixer. Only ac current signals can pass to the next
stage. Lgp is designed to resonate out the gate-drain
capacitor Cgpp of M, at the operating frequency g in
order to enhance the reverse isolation of the LNA. After
resonating out the parasitic capacitances of the transistor
between its gate and drain, the transistor becomes more
unilateral so that the stability can be improved. In addition,
the input matching network is easier to design because of
good isolation of the LNA.

At the operating frequency o, inductors L;—Lz and the
respective parasitic capacitors Crp,—Cyr, are resonated.
The small-signal equivalent circuits of the current-mode

circuit diagram of the current-
mode LNA of low-voltage
version

LNA

Lour, LNA

—>
D LNAGy

C,

T3

(b)

Lour,LNA
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Fig. 3 Small-signal equivalent circuit of the current-mode LNA at the operating frequency wy

LNA of Fig. 2(a) and 2(b) at the operation frequency wy
are the same and can be depicted in Fig. 3 where
RTI = (R177Ll //rO.,M| )’ RTz = (RPst //r!th//rﬂ-,M3) and
Ry, = (Rp1,//Yom,)- Rpr, —R, 1, are the equivalent parallel
resistances of the inductors Li—L3. 7oy, —7om, and
8m —&m, are the output impedance and transconduc-
tance of the transistors M;—My,, respectively. Because the
circuit dimensions are much smaller than the wave-
lengths involved, the distributed effect of circuits is
negligible. Thus the lumped small-signal equivalent circuit
is adopted.

From Fig. 3, the input impedance Zj,1na in s-domain

can be eXpI'eSSCd as
SCPADI SCIN l gml

_ (1 4+ gm Rr,) + sR1,Cin
5(Cpap1 + CN) + s2Cpap1 CINRT,

ZiniNa(s) =

(1)

Let s = jow and the input impedance of the LNA can be
calculated as

The imaginary part of the Zi, 1 na can be eliminated at wy if
the following equation is satisfied.

(1 + gmR7,)(Cpap1 + CiN) — (D%R% CiCpapi = 0.

(3)

Thus the relation among Cin, Cpapi, Rry, &m,,» and wg
can be designed according to the following equation

\/(l+gn1,RT])<l+ >

Substituting (4) into (2), the input impedance at the
operation frequency g can be expressed as

Ry, Cin[(Cpapi + Cin) — (14 gm, R, ) Crapi]
{(CPADI +Cin)*+(woRr, CPADICIN)Z}

(5)

To calculate the current gain A; and the voltage gain A,
of the LNA, the input impedance Zy, sum of the following
current mixer should be taken into considerations. From
Fig. 3, the current gain A; at the operating frequency wy
can be calculated and expressed as

CiN

Cpapi

woy =

(4)

R7,Cin

Zin INA o=y =

lout LNA
Ai|w:wo = ;U,
in,LNA | y=c,
— gl?lzg}’VL4RT1RT2 . ( I‘\’T3 ) (6)
(1+ 8m3er)\/(1 + gmRr,)*(1 + Ceap1/Cix)’ +wgR2 C2 ZitinsoM + Rr,
Zinina(jo) The simulated gain, NF, and input matching character-

_ @Rz, Cin[(Cpapi + Cin) — (1 + g, R1, ) Crapi]
w |:(CPAD1 + CIN)ZJF((URTI Cpapi CIN)Z]

2R2 (2
1
. [(1 + &m Rr, ) (Cpap1 + CiN) — 0”RY, C[NCPADl}

w [(CPADI + CIN)2+((URT1 Cpapi CIN)Z}

(2)

In order to achieve maximum power transfer, Zi,ina
should be equal to 50 Q at the operation frequency .

@ Springer

istics of the current-mode LNA in Fig. 2(b) are shown in
Fig. 4. The LNA can achieve the maximum gain of 17 dB
at the operating frequency of 24 GHz. It can reach the NF
of 3.4 dB at 24 GHz. The linearity performance of the
LNA is verified by harmonic balance (HB) simulation.
With the signals at 23.9 and 24.1 GHz, the simulated
linearity curves shown in Fig. 5 depicts a P_jggina Of
—18.5dBm and a PIIPS,LNA of —10.8 dBm. The LNA
in Fig. 2(b) drains 20.4 mA from the supply voltage of
0.8 V and drains 34.82 mA from the supply voltage of



Analog Integr Circ Sig Process (2009) 58:183-195 187
20 (a)20 : . . ; . . . 20
15 : 15
10 10

) | . ~ 5

s ° m &

| 2 = 0

w 0 a - Vop=0.8V

w w0 EE- 4-5

z . T n ——821.FF

v/ ——S21.Fs {10
L 4 —-—22':1 —S21.TT
W s i ——S21.5F 145
——8521.88
o i L " 1 M 1 " 1 " 1 " 1 . 1 . 14 20 i i i i 5 i 20
150 175 20.0 225 250 275 300 325 350

Frequency (GHz)

Fig. 4 Simulated gain, NF, and input matching characteristics of the
current-mode LNA
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Fig. 5 Simulated linearity performance of the current-mode LNA

1.2 V. The increase in simulated current consumption from
20.4 to 34.82 mA is because the overdrive voltage of LNA
is changed from 0.8 to 1.2 V as the supply voltage is
increased from 0.8 to 1.2 V.

The accuracy of the gain (S,;) of the LNA over different
process corners including FF, FS, TT, SF, SS are depicted
in Fig. 6(a) and (b). The S, is varied from around 17.6 to
13.8 dB at the supply voltage of 0.8 V and is varied from
about 18.1 to 16.9 dB at the supply voltage of 1.2 V.

2.2 Current-mode down-conversion mixer

The conceptual block diagram of the proposed current-
mode down-conversion mixer is depicted in Fig. 7. This
mixer is composed of a current summing circuit, a current
squaring circuit, and a band-pass filter (BPF). The RF input

15.0 17.5 20.0 22,5 25.0 27.5 30.0 32,5 35.0
Frequency (GHz)

(b)20
15}
10}
5
S o}
= : Vop=1.2V
< _
» -5 —— S21.FF 18
—S21.FS
10} ——$21.TT 110
asl —— S21.8F {4s
——s21.88

20 -20
15.0 17.5 20.0 225 250 27.5 30.0 32,5 35.0
Frequency (GHz)

Fig. 6 S5, of the LNA in different process corners (a) at the supply
voltage of 0.8 V and (b) at the supply voltage of 1.2 V

\
| Current Summing Current Squaring Bandpass
! Circuit Circuit Filter |
. . .
i : (lLNA + lm) -
LNA ) _ ]
. () [\ T
! ]
: < !
. . \2 ]
\ (ll,rVA + ll.() ) /'
Io Mixer

Fig. 7 Conceptual block diagram of the current-mode down-conver-
sion mixer

current signal ipna = ILna c0S wrpt from the current-mode
LNA and the LO input current signal i o = Iy o cos wrot
from the off-chip LO signal generator are summed in
advance through the current summing circuit. The summed
current  signal  isym = (iLna + iLo) = (ILNA COS WRF! +
I o coswpt) are sent to the following current squaring
circuit which results in the square components of i?y, and

ifo and the multiplication component ipnaXiLo. The
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multiplication component of two current input signals
provides the function of double sideband mixing.

Through the double sideband mixing, the received 24-
GHz signal is converted to 5 GHz which is the lower
sideband (LSB) and 43 GHz which is the upper sideband
(USB) with the LO signal at 19 GHz. Following the current
squaring circuit is the BPF which is capable of frequency
selectivity. In this receiver design, the center frequency of
the BPF is designed at 5 GHz so that the targeted LSB can
be obtained and the unwanted USB can be attenuated. The
detailed operational principles of the current squaring
circuit and the current summing circuit are described in the
following subsections.

2.2.1 Current squaring circuit and band-pass filter

The conceptual circuit of the current squaring circuit as
modified from [9] is shown in Fig. 8 where Msq, and Msq,
are current mirror circuit. The bulk and source of Mgq, are
connected together to eliminate the body effect. Assume
that both short-channel effect and channel-length modula-
tion effect are negligible, and the MOS transistors
Msq,—Msq, are well matched with the same channel
width/length W/L. If all MOS devices are in the saturation

Bandpass
Filter

Current Squaring
Circuit

_____________________________________________

Fig. 8 Circuit diagram of the current squaring circuit and bandpass
filter
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region, the relation between vgsmsqQ,;VasMsQ,» and the
input current i, can be expressed as

VB lin

= — —w o A~ 7

vesmsQ =5+ o (Ve — 2V (7)
Vs lin

(3)

VGS,MSQ3 - 7 kn % (VB — 2Vth) )
where k, = p,Cox is the mobility g, times the oxide
capacitance per unit area Cox, Vi, is the threshold voltage,
vgs 18 gate-to-source voltage, and Vg is the dc bias
voltage of the current squaring circuit and equal to
(vGs,MsQ, + VGsMsQ, ). From (7) and (8), the drain currents
i1 and i3 of Msq, and Msq,, respectively, can be calculated.
Since i} = i, the output current ipyt can be written as
2

l
. _ T i 9
lour =11 +13 B+41B7 )
where
1 W
Iy = sk (Vi —2Va)™. (10)

Suppose the input current i, of the current squaring
circuit equals (Irp cos wrgt + I o cos wrot), the output
current signal of the current squaring circuit from (9) can
be expressed as

2 2
iour(f) = (113 + ke + o ILO)
81y

1
+ S (Ixp €08 20rgt + I} cos 2w1 ot )
B

Irrlio
4]y

[cos(wRrE + wLo)t + cos(wrr — wLo)1].

(11)

From the last term in (11), the double sideband mixing is
achieved and the RF signal at the frequency wgp is mixed
with the LO signal at the frequency of wro. The signal at
wgr is converted into the signals at (wgrr + wLo) and at
(wrr — ®WLo). The wir in this design is set to (wrr — wL0).
The current conversion gain of the current squaring circuit
can be defined as

. . iOUT|w: (WRE— ) [LO
Currnet conversion gain = M ==
IRF 4IB

(12)

Lo
kn W (Vi — 2V)?

From (12), the current conversion gain can be controlled
by the magnitude of LO signal and the biasing voltage Vg.
The load of the current squaring circuit can be designed
by a LC tank which is resonated at IF and serves as a BPF.
Because of its bandpass characteristics, both harmonic and
inter-modulation components with frequencies far away
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from the IF can be suppressed. Only the IF signal can be
selected and sent to the output.

With the advanced of the CMOS technology, the device
current is not of the square characteristic. Due to the
short-channel effect, the relation among drain current ipg,
overdrive voltage voy and drain to source voltage vps can
be written as

. 1w m
ips = *kz(vov) (14 Zvps),

: (13)

where 1 <m<2, vov = vgs — V, and the coefficient A
models the effect of the channel length modulation which
is related to vpg. Besides, the parameter m is roughly equal
2 if the overdrive voltage of the MOS is small. Because the
drain to source voltage vps between Msq, and Msq, are not
exactly the same when the biasing voltage Vg is slightly
varied, the channel-length modulation effect should be
considered as in (13).

Because Vg is usually designed a little higher than two
times threshold voltage of Msq, and Msq, from the con-
sideration of the current conversion gain as shown in (12),
the overdrive voltage voltages of both Msq, and Msq, are
not high. Consequently, the coefficient m in (13) can be
approximated as 2. If 6 = (vpsmsQ, —Vps,msQ, )/2 and o =
(vps,MsQ, + VbsMsQ, )/2 is assumed, the expression igur in
(9) can be modified as

. o (1= .
iour = lfn%+lin(VB —2V)?
Iy
5 242462177
ﬁ“!‘ |:O'+/10'2 —5%}
A
X——
(1 +}O-) (3+l()/1(7+111202+4)u3a3)
—o/0 (25370)
(14240 +204)(2+3/0)
+IB 2 2 )
2(2+340)(1+40) +24(36+ 7020 +42%0?)
(14)
where
f—— (o1 + 70)*(1 +240) — 6(1 — o)
© 201+ o)

(15)

If the effect of channel length modulation effect is
neglected as 4 = 0, y is equal 0 and (14) can be simplified
to (9). The factor of the iizn in (14) reveals that the
conversion gain of the squaring circuit with the channel-
length modulation becomes (1—y) times smaller than that
without channel-length modulation.

Moreover, even if the drain to source voltage differences

of Msq, and Mgq, are the same, we have § = 0. But the

channel length modulation effect makes the coefficient y
not equal 0. In this case, (14) can be simplified to

. 0 (1 - V) . 2 L0
= f (Ve — 2V,
1ouT = tin Ty +iin(Ve ) (1+Aa)

Iy | (142i0)(2+30) (16)
2 [(24340)(1 + 40)* + 42362
where
o 2o (1 + 222) ' (17)
2(1+ Zo)

From the above derivations, channel length modulation
effect degrades the conversion gain of the current squaring
circuit which is (1 — y) smaller in (14) or (1 — y) smaller
in (16). Besides, this effect also results in the leakage of the
fundamental signal of LO and RF signals. The simulation
results in Fig. 9 show that the conversion gain approaches
maximum when the biasing voltage Vg equals Vpp which
is 1.2 V in this design. Meanwhile, the minimum value of
drain to source voltage difference of Msq, and Msq, can be
achieved under this condition.

2.2.2 Current summing circuit

Figure 10 shows the current summing circuit. Two com-
mon-gate transistors My and M, operated in the saturation
region function as current buffers. The bulks of Mg and M,
are connected to ground. Although My and M, suffer from
the body effect resulting in slightly increase of their
threshold voltage, the isolation among the input port of RF,
the input port of LO, and the output port can be improved.
Besides, the voltage headroom of this circuit is sufficient
because the inductor Ly is tied to Vpp and Ls—Lg are tied to

a L 1 T T L} L] L 400
L —&— Conversion Gain
— ° N

4+ | = |vos.Msar'Vos,Man| 350
@ .| 4300 __
T 2F >
£ 7 4250 £
© oL —
S
c F - 200 3
S 4
22l 8
s | 4150 'y
> i
54
S | 4100 8

o {50

L - ]
_8 i " L i 1 " 1 i 1 i i i 1 0
0.9 1.0 1.1 1.2 1.3 1.4 1.5

Biasing Voltage V_ (V)

Fig. 9 Simulated conversion gain and |vpswmsq, —VpsMsQ,| versus
Vg.
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Fig. 10 Circuit diagram of the
current summing circuit

—>
|
INPUT . [>——] 1
C, Cs
Ls PAD2
zZ rfin,SUM

ground. This current summing circuit can be operated at
very low supply voltage.

Due to the advantage of current-mode signal processing,
the current signals ioy 1 na from LNA circuit and i, 1o from
off-chip LO signal generator are summed by connecting
the drains of Mg and M together. L, is designed to pro-
vide high impedance at the output so that the summed
current signal (iouwna + finLo) can be fed into the fol-
lowing current squaring circuit. Cs is the dc blocking
capacitor to prevent from disturbing the biasing point of the
LNA. At the frequency of RF, Ls is resonated with the
parasitic gate-to-source capacitance Cgsmo9 of Mg and
source-to-bulk capacitance Csguy, of My to provide high
impedance to ac ground so that the input RF current signal
from the LNA circuit can flow into My. Lg, Cs and Cpapz
form the matching network for LO input port. The parasitic
gate-to-source capacitance Cgsa,, of Mo and source-to-
bulk capacitance Csp p,, of Mg are also considered in this
matching network.

Vo
\ 4 L 4
L4 iout,S UM
—>
N
¢ > { > OUTPUT,
M, M

m LO

{.’ i7 ] INPUT,,
[(nn SUM

2.3 Current-mode receiver front-end

The detailed connections of the current-mode receiver
front-end circuits under a single supply voltage of Vpp are
shown in Fig. 11. The circuits include a two-stage current-
mode LNA of low-voltage version, a current summing
circuit, and a current squaring circuit. The input signal at
g is firstly amplified by LNA, and then is mixed with the
LO signal at wpo by the current-mode mixer formed by a
current summing circuit and a current squaring circuit. The
down-converted signal at mp is finally sent to output buffer
which is a current-mirror amplifier formed by M4, M;s,
and Lg. The output matching network is designed by Lg,
Cy, and Cpaps so that the output impedance of the mea-
suring buffer equals 50 Q and the maximum power transfer
can be achieved. Table 2 shows the design parameters of
the two-stage current-mode LNA of low-voltage version.
Table 3 shows the design parameters of current-mode
down-conversion mixer and output buffer.

il

Lo sum = binsu

—

nlmu,SQU %

M
Lﬁ%

two-stage current-mode LNA
|

LOy  Current summing circuit

Current squaring circuit Output buffer

Current

de mixer |

Fig. 11 Detailed connections of the 24-GHz current-mode receiver front-end with output buffer
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Table 2 Device parameters of 24-GHz CMOS LNA

Current-mode LNA of low-voltage version

M, L =0.13 pm W =12 pm

M, L=0.13 pm W = 52.8 um

M; L =0.13 ym W=1.2 um

My L =0.13 pm W =312 pm

Cpapi 20 fF

Cin 89 fF

Lgp 506 pH Rad =325 um, w =3 pum, nr = 3
L, 298 pH Rad = 15 pm, w = 9 pm, nr = 1.5
L, 315 pH Rad=15m,w=3 pm,nr = 1.5
L 315 pH Rad =15 m, w =3 pm, nr = 1.5

In this work, the RF input frequency is set at 24 GHz,
the LO frequency is set at 19 GHz, and accordingly the IF
output frequency is at 5 GHz. The image frequency is at
14 GHz. According to Fig. 4, the image rejection of the
proposed receiver front-end is more than 30 dB before the
first down-conversion mixer due to the large IF frequency
of 5 GHz is selected. This performance is achieved due to
the multistage nature of bandpass LNA. If much higher
image rejection is required, the off-chip band-select filter

Table 3 Device parameters of 24-GHz CMOS down-conversion
mixer and output buffer

Current-mode down-conversion mixer

Current summing circuit

My L =0.13 pm W =384 um

Mo L =0.13 ym W = 38.4 um

Ccpap2 20 fF

Cs 63 fF

Co 274 {F

Ly 443 pH Rad =27 ym, w = 3 pm, nr = 1.5
Ls 945 pH Rad =20 m, w = 3 pm, nr = 3.25
L¢ 916 pH Rad = 26 ym, w = 3 um, nr = 2.75
Current squaring circuit

My, L =0.13 pym W = 144 um

M, L=0.13 um W =144 um

M5 L=0.13 um W =144 pm

L, 884 pH Rad = 155 pm, w = 3 pm, nr = 3.5
C 1 pF

Cg 132 fF

Output buffer

My L =0.13 pm W= 1.2 pm

M5 L =0.13 pm W = 150 pm

Lg 1.69 nH Rad =20 ym, w = 3 pm, nr = 4.5
Co 583 {F

Cpap3 20 fF

before the LNA can be used to enhance the performance of
image rejection.

For testing consideration, the three ports are also
designed to match with 50 Q. If multiple power supplies
can be used in the receiver front-end, the simulated power
consumption of the current-mode receiver is 29.94 mW
where the two-stage current-mode LNA of low-voltage
version drains 20.4 mA from the supply voltage of 0.8 V,
and the current summing circuit and current squaring
circuit drain 8.8 and 2.55 mA, respectively, from the
supply voltage of 1.2 V. Under this condition, the two-tone
analyses by HB simulation with two RF input signals at
23.95 and 24.05 GHz and the LO signal at 19 GHz with
the power level of —3 dBm are depicted in Fig. 12. It
reveals that the receiver has a simulated conversion gain
of 21.5 dB, a PfldB"RX of —29 dBm, and a PIIP3,RX of
—18.2 dBm. The simulated total NF is 4.2 dB with the RF
at 24 GHz and LO at 19 GHz.

Moreover, if the receiver front-end is restricted to use
single power supply, it consumes 55.4 mW from the supply
voltage of 1.2 V. The excess power consumption is from
the LNA because higher voltage is adopted to bias the LNA
of the low-voltage version, and the LNA drains 34.82 mA
from the supply voltage of 1.2 V.

The use of multiple supply voltage of 0.8 and 1.2 V
complicates the design. In this design, the supply voltages
are from different off-chip power supplies. Therefore, the
smaller supply voltage can be easily supported. If the
receiver is restricted to use a single supply voltage of
1.2 V, the LNA is recommended to use the circuit in
Fig. 2(a) where Mg—Ms provide a simple way to have the
voltage drop of around 400 mV for the LNA such that the
voltages of A|—Aj; are around 0.8 V and M| —M, can be
well biased.

s T
——IF
——1M3

-20 -20
— =30 fre1=24.05 GHz -30
E I far=23.95 GHz
- fLo=19 GHz 1T
= I PLo=-3 dBm

2750 fr=505GHz |
60 - fm:=5.15 GHz 4 -60

L Voo.na=0.8 V 4
70 Voomx=1.2 V <-70
_Bn M n M 1 M 1 n _80

-50 -40 -30 -20 -10 0

pmkx (dBm)

Fig. 12 Simulated linearity performance of the 24-GHz current-
mode receiver by two-tone HB analyses
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3 Experimental results

The designed 24-GHz current-mode receiver front-end
circuit was fabricated in 0.13-pm 1PSM CMOS technol-
ogy. The top metal of this process is with the thickness of
3.35 um. The equivalent relative dielectric constant &g is
about 4.2. Based on the technology information of the
backend process, the electromagnetic (EM) tool HFSS is
used to evaluate and extract the characteristics of the
on-chip octagonal spiral inductors and the interconnections
within the circuits.

The floor plans of the proposed receiver front-end are
depicted in Fig. 13. Nine on-chip octagonal spiral induc-
tors are used. The distances of each inductor are more than
100 pum to mitigate the magnetic coupling between on-chip
inductors. In addition, the distances of the active devices
of current-mode LNA, current summing circuit, current-
squaring circuit and output buffer are arranged far, the
noise influence between these circuits are kept small. The
signal path between input pad and the input of the LNA is
drawn as short as possible to avoid additional signal losses
and increase of NF. Besides, large on-chip decoupling
capacitors are used between the biases and ground, such
that high frequency noises can be bypassed to ground and
consequently stable biases and supplies of the receiver
can be achieved. All dc pads are protected by ESD diodes
to enhance the reliability of the proposed receiver. The
performance of each circuit block in this 24-GHz
current-mode receiver is over-designed to overcome pro-
cess variations. This chip occupies the active region of
1.45 x 0.72 mm? including testing pads.

The measurement setups of this fabricated receiver are
described as follows. The on-wafer probing measurement
is adopted to verify the performance of the receiver front-
end. Three GSG RF probes with the pitch of 150 pm and a
6-pin dc probe with the pitch of 150 um are applied to
probe the testing pads. The S parameters are measured to
analyze both the input and output matching characteristics
by the network analyzer, Agilent E8364B, which can

A J

Fig. 13 Chip micrograph of the fabricated current-mode receiver
front-end

@ Springer

characterize the S-parameter performance from 10 MHz to
50 GHz. To measure conversion gain and linearity, three
signal generators Agilent E8257D are used to provide two
RF and one LO signals for the device under test (DUT).
The spectrum analyzer Agilent E4448A is used to monitor
the spectrum to verify the linearity and conversion gain of
the receiver. The NF analyzer Agilent N§975A with a
broadband noise source HP 346C is used to measure the
performance of NF of the receiver.

Owing to the layout mistake of the fabricated chip, the
focused ion beam (FIB) post-process is used to modify the
metal connections of the current-mode LNA. The FIB
metal lines connect the LNA circuit to the power supply.
Under the condition that multiple power supplies can be
used so that the power supply of LNA is 0.8 V and the
power supply of the current-mode mixer is 1.2 V, the
measured total power consumption is 27.8 mW. Moreover,
if the single power supply of 1.2 V is applied to the
receiver front-end, the measured power dissipation is
increased to about 49.8 mW. The reason why the increase
in measured power dissipation from 27.8 mW for the
multiple supply voltages to 49.8 mW for the single supply
voltage is the supply voltage of LNA is increased from 0.8
to 1.2 V. This results in increasing more overdrive voltage
of 400 mV of the LNA, and consequently the measured
power dissipation of LNA itself is increased. The measured
current consumption of the LNA is 19.45 mA from the
supply voltage of 0.8 V and is 31.3 mA from the supply
voltage of 1.2 V.

Figure 14 presents the measured and revise-simulated
conversion gain versus RF input frequency. The losses
from cables, probes and adaptors are compensated. More-
over, the parasitic resistances resulting from FIB post-
process are considered in the revise-simulated results.
The tested RF input power is —30 dBm. The LO is set
to the frequency which is 5 GHz lower than the RF,
fio =frr — 5 GHz, and the tested LO input power is
—3 dBm. The output is observed at the fixed IF frequency
of 5 GHz. The measured conversion gain of the RF
frequency at 24 GHz is 11.3 dB under the condition that
the power supplies of the LNA and Mixer are 0.8 and
1.2 V, respectively. In addition, the conversion gain is
12 dB under the condition that the power supply of both
LNA and Mixer is 1.2 V. Because the parasitic resistances
from FIB post-process are in series with the inductive loads
of the current-mode LNA, the quality factor of the loads of
the LNA is decreased. This makes the gain of the LNA
decrease, and consequently the conversion gain of the
receiver is decreased.

The two-tone test results are shown in Fig. 15. Two RF
inputs with 100 MHz frequency spacing are at the fre-
quency of 24.05 and 23.95 GHz and the LO is at 19 GHz
with the power of —3 dBm. Because of the conversion gain
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Fig. 14 The measured and simulated conversion gain of the receiver
versus RF input frequency

reduction of the receiver, the measured P_; 45 and Pyp; are
raised to —13.5 dBm and —1 dBm, respectively, under the
condition that the power supplies of LNA and Mixer are
0.8 and 1.2 V, respectively. Besides, the measured P_qp
and Pyp3 are about —12 and —1.5 dBm, respectively, under
the condition that the single power supply of 1.2 V for
LNA and mixer is adopted. At the RF frequency of 24 GHz
and the LO frequency of 19 GHz, the measured total NF of
the receiver is 14.2 and 13.3 dB if the power supply of
LNA is 0.8 and 1.2 V, respectively.

Table 4 summaries the performance of the proposed
current-mode receiver front-end. In addition, some com-
parison results of published 24-GHz receiver front-end
circuits are also provided. Compared to the works pub-
lished in [2] and [5], the proposed 24-GHz CMOS current-

P, . (dBm)

IN.RF

Fig. 15 The measured linearity performance of the receiver by two-
tone testing

mode receiver front-end has the advantage of smaller
power dissipations and can be operated in low supply
voltage. This current-mode receiver front-end also has
better linearity performance.

The layout mistake has been corrected and the modified
design is under fabrication now. Therefore, the new test
results are unavailable at present.

4 Conclusion

In this work, the current-mode design techniques of CMOS
RF circuits are developed and are applied to realize the first
24-GHz CMOS current-mode receiver front-end. The
receiver integrated with a current-mode LNA and a

Table 4 The measured
performances and comparisons

This work

[2] [3]

results of published 24-GHz

. i Technology
receiver front-end circuits

Receiver architecture

Topology

Freqrr (GHz) 24
Freq; o (GHz) 19
Freqir (GHz) 5
Gaingy (dB) 12
NFrx (dB) 13.3
Pups, rx (dBm) -15
Py 4B, rx (dBm) —12
Power (mW) 49.8
Supply (V) 1.2

Chip area (mmz)

0.13 pm CMOS
Direct-conversion

(2-stage LNA + Mixer)

Current mode

1.45 x 0.72

0.18 um CMOS 0.8 pm SiGe HBT

fr =80 GHz
Direct-conversion

(3-stage differential

LNA + [I/Q differential

Gilbert Mixer)

Voltage mode

Direct-conversion
(3-stage LNA +
single-balanced
Gilbert Mixer)

Voltage mode

21.8 24.1
16.9 23.9
4.9 0.2
11.3 27.5 31
14.2 7.7 8.8
-1 _ _
—13.5 -23 =27
27.8 64.5 640
0.8/1.2 1.5 4
04 x 0.5 1.48 x 1.15
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current-mode down-conversion mixer is designed, fabri-
cated in 0.13-um CMOS technology and measured. Two-
stage current-mirror amplifiers cascaded are used to realize
the current-mode LNA. The LNA has the capability of low
voltage operation. The current summing circuit and current
squaring circuits are adopted to perform the mixing of the
current signals. The measured results demonstrate that the
proposed current-mode receiver front-end can operate well
in the 24-GHz frequency band. Although the receiver does
not achieve the expected performance because of the layout
mistake, after the FIB post-process to remedy for the layout
mistake, the designed 24-GHz CMOS current-mode
receiver front-end still can exhibit the conversion gain of
11.3 dB, the NF of 14.2 dB, and the Ppp; of —1 dBm
under the condition that power supply of the current-mode
LNA is 0.8 V and the power supply of the current-mode
mixer is 1.2 V. The total power dissipation of the current-
mode receiver front-end under this condition is 27.8 mW.
The current-mode design techniques have the capability of
designing low-voltage RF circuits in the advanced nano-
meter CMOS technologies. Future research on the
applications of short range automotive radar systems or
point-to-point wireless communication systems will be
explored and discussed by the proposed current-mode
approaches.
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