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Abstract—This paper presents a low-power wideband receiver
front-end design using a resonator coupling technique. Induc-
tively coupled resonators, composed of an on-chip transformer
and parasitic capacitances from a low-noise amplifier, a mixer, and
the transformer itself, not only provide wideband signal transfer,
but also realize wideband high-to-low impedance transformation.
The coupled resonators also function as a wideband balun to
give single-to-differential conversion. Analytic expressions for
the coupled resonators with asymmetric loads are presented for
design guidelines. The proposed receiver front-end only needs a
few passive components so that gain degradation caused by the
passive loss is minimized. Hence, power consumption and chip
area can be greatly reduced. The chip is implemented in 0.18-zzm
CMOS technology. The experimental result shows that the —3-dB
bandwidth can span from 20 to 30 GHz with a peak conversion
gain of 18.7 dB. The measured input return loss and third-order
intercept point are better than 16.7 dB and —7.6 dBm, respec-
tively, over the bandwidth. The minimum noise figure is 7.1 dB.
The power consumption is only 5.2 mW from a 1.2-V supply. The
chip area is only 0.18 mm?.

Index Terms—CMOS, common-gate (CG) low-noise amplifier
(LNA), inductively coupled resonators (ICRs), low power, low
voltage, mixer, resonator coupling network (RCN), wideband.

I. INTRODUCTION

HE applications within the K- and Ka-band have ig-

nited intensive research activities. There exist systems
of 22-29-GHz short-range radar, 24-GHz industrial-scien-
tific-medical (ISM) band, and local multipoint distribution
services (LMDS) [1]-[4]. A wideband receiver is thus prefer-
able to a narrowband one for versatile functions. However,
designing a receiver to cover such a wide and high frequency
band is challenging because of lossy passive components and
low transistor speed. For example, 0.18-gm CMOS technology
offers the unity current gain frequency fr only around 55 GHz.
More advanced CMOS technology can be adopted to provide

Manuscript received April 12, 2012; revised August 19, 2012; accepted Au-
gust 22, 2012. Date of publication September 17, 2012; date of current version
October 29, 2012. This work was supported by the National Science Council,
Taiwan, under Grant NSC 100-2220-E-009-013 and Grant NSC 100-2220-E-
009-056, by the Ministry of Education in Taiwan under the Aiming for the Top
University (ATU) Program, and by MediaTek Inc. under a fellowship.

C.-H. Li and C.-N. Kuo are with the Department of Electronics Engineering
and the Institute of Electronics, National Chiao Tung University, Hsinchu 300,
Taiwan (e-mail: chli.ee99g@nctu.edu.tw; cnkuo@mail.nctu.edu.tw).

M.-C. Kuo is with the Information and Communications Research Labora-
tories (ICL), Division for Biomedical and Industrial Integrated Circuit Tech-
nology, Industrial Technology Research Institute (ITRI), Hsinchu 310, Taiwan
(e-mail: mck@itri.org.tw).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2012.2216285

higher speed transistors, but with higher cost. Moreover, the
supply voltage shrinks with the technology, making the CMOS
design more challenging. Hence, appropriate circuit topologies
are required to provide wideband operation using as few pas-
sive components as possible, while consuming low power in
low voltage.

Many prior studies were proposed for K - and K a-band ap-
plications. Only a few belong to true wideband operation in sil-
icon-based technologies of CMOS and BiICMOS. A 22-29-GHz
ultra-wideband (UWB) pulse-radar receiver in 0.18-pzm CMOS
was proposed using a multistage low-noise amplifier (LNA)
with the Cgq neutralization technique [1]. However, the pro-
posed circuit requires many inductors, resulting in large area.
A receiver front-end using a two-stage LNA and microstrip
lines is shown to work from 21 to 29 GHz [5]. Nevertheless,
the front-end is bulky because it uses area-consuming transmis-
sion lines for impedance matching. A dual-band 24/31-GHz re-
ceiver is presented by combining a wideband two-stage LNA
and a wideband mixer in a 0.18-sm BiCMOS process [6]-[8].
The reported circuit adopts a single-balanced mixer. Hence, LO
leakages might desensitize the following stages. A wideband
LNA was reported using resistive feedback to work well in the
K -band [9]. It still requires a wideband mixer and a wideband
balun to realize a wideband receiver.

The architectures of the aforementioned circuits demand mul-
tistage amplifiers to tackle the low fr issue. Many inductors or
transmission lines are necessary to sustain a wideband response.
However, utilizing a large number of passive components not
only introduces high signal loss, but also occupies large chip
area. Power consumption is inevitably increased to compensate
the loss for enough gain. Consequently, proper circuit topolo-
gies should be developed to give wideband operation while dis-
sipating low power and featuring a small form factor.

Using the technique of resonator coupling is a promising al-
ternative for wideband operation. Recently, the resonator cou-
pling technique is widely exploited to increase the transmission
distance in the wireless power transfer application [10]-[13].
It is also applied to circuits for wireless communication sys-
tems, such as a narrowband receiver front-end [14], a wideband
LNA design [7], an output load of the mixer [15], a low-power
narrowband down-conversion mixer [16], a wideband multi-
mode voltage-controlled oscillator (VCO) [17], and a low noise
quadrature VCO [18]. Circuit design, however, is usually as-
sumed to be under a symmetric load condition, which is not nec-
essarily true in many realistic circuit implementations. Further-
more, few physical insights on wideband operations are given.

In this paper, a compact 20-30-GHz receiver front-end is de-
signed by using a resonator coupling network (RCN) placed be-
tween the LNA and the mixer to realize inter-stage matching. It
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only requires two coupled resonators to support wideband oper-
ation. The coupled resonators form a high-order filter to perform
functions of a wideband load and wideband impedance transfor-
mation simultaneously. Moreover, they act as a wideband balun
without paying additional power in realizing single-to-differen-
tial conversion. All of the design effort enables the receiver to
be realized with a small form factor and low power consump-
tion.

The RCN with an asymmetric load condition is analyzed in
detail to provide design guidelines. Analytic formulas for the
critical coupling condition, passive gain, peak gain frequency
separation (FS), and Ripple are presented. In contrast to the con-
ventional coupled-resonator filter design that is commonly ap-
plied for narrowband operation [19], the proposed methodology
can be adopted for wideband design with a simple and insightful
design process. This paper is organized as follows. Section II
details the theory of the inductively coupled resonators (ICRs),
including the proposed design flow. In Section III, the con-
sideration of the receiver architecture and the design of each
building block are presented. The experimental result is shown
in Section IV. Finally, Section V concludes this study.

II. THEORY OF ICRs

An RCN is employed to transfer a signal, in current, voltage,
or power domain, from one resonator to the other, as indicated
in Fig. 1(a), in which Rg and Ry represent the source and load
resistances, respectively. The coupling is conducted either by an
inductor L¢ or a capacitor Ce. The ICR is especially attractive
since it can be realized by an on-chip transformer. This not only
leads to small chip area, but also provides single-to-differential
conversion without dissipating any power. The RCN is widely
adopted to increase the frequency selectivity in bandpass filter
design [19]. It can also provide passive gain by impedance trans-
formation, which is particularly attractive to low-power appli-
cations [14].

The typical frequency response of the ICR exhibits resonance
frequencies of two oscillatory modes at wy and wgr, as illus-
trated in Fig. 1(b). If the critical coupling condition is met, the
gain levels at wy, and wy are maximum and equal. This implies
that the impedance is matched concurrently at wy and wgy for
both the input and output ports. The peak-to-peak variation, i.e.,
Ripple, is defined as

Ripple = Gmax - Gmin (1)
where G .y is the maximum gain and G ;, is the minimum
gain at the frequency of wy,;,,. If Ripple is less than 3 dB, the
ICR response can be considered as wideband.

In this study, the design goal is therefore to make the critical
coupling condition occur at two widely separated wy, and wg
simultaneously, and keep Ripple within 3 dB. Although only
the ICR case is considered as follows, the same approach can
also apply to the capacitively coupled resonators.

A. ICR Without Loading Effect

Fig. 2(a) shows the ICR circuit of double resonance. One res-
onator, 1.y and C1, is coupled to the other, /.o and C», mag-
netically. Without loss of generality, the transformer is assumed
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Fig. 1. (a) RCN. The network is coupled either inductively or capacitively.
(b) Typical frequency response of the RCN. Gain can be current, voltage, or
power gain. w is the radian frequency.
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Fig. 2. (a) Network of ICRs. (b) Equivalent circuit of the coupled resonators
as the transformer is replaced by its 7-model.

lossless. The coupling coefficient % is defined by the mutual in-
ductance M between the two coils as [14]

M
VI Ly

Let the resonance frequencies of the uncoupled resonators be
defined, respectively, as w,; and w,» with the frequency ratio
of m = wy1/wys [14].

Taking the mutual coupling effect into account, the natural
resonance frequencies of the coupled network change. They can
be derived in terms of m, &k, and w2, as w,, and w, g [14]. The
governing equation of the resonance frequencies is established
as

k

2

WL 2+ werr \© 14 m?
Wu2 W2 B 1- kQ .

Consider the coupled resonators in a circuit to analyze signal
transfer, as shown in Fig. 2(b). The transformer is replaced with
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its m-model equivalent circuit, in which L1, L2, and Los is
related to Ly and Lo [20].

The critical coupling condition occurs provided that the ICR
input is impedance matched to the source, or Z;,1 = Rg,atw,r,

and w, g [14]. It leads to
27y 2
()
Wy2

n
Zinl|' =W = 7
wl  uH k

R, =Rgs )

where n is the coil turn ratio of the transformer, defined as
n=4/—. 5)

From (4), another governing equation of w,, 7, and w, g is ob-

tained as
2 2
WyL WyuH 2
= . 6
(wu2> + ( Wy2 > 1- }‘:2 ( )

It concludes from (3), (4), and (6) that the critical coupling
condition of the ICR can be acquired at both w,; and w, g if

L0y = LyCy (7
R
n? = R—i (8)

Namely, those uncoupled resonators need to have the same
resonance frequencies, i.e., m = 1, and n? must be equal to the
impedance transformation ratio.

B. ICR With Loading Effect

Resonance occurs at the frequencies that the imaginary part of
the input admittance equals to zero. The resistor load in Fig. 2(b)
actually affects the resonance frequencies such that w,r and
wy, g need to be modified. The effect becomes severe especially
when the loaded quality factor is low for wideband operation.
Note that (7) and (8) still hold for achieving critical coupling at
resonance frequencies, even with the loading effect.

The two-port admittance matrix of the ICR, Yicg, is used
to derive the modified resonance frequencies in Fig. 2(b). The
optimal transfer occurs when Y;,,; = G4 = 1/R,. This input
admittance Yj,; can be derived from the admittance matrix by

y%lRL

s - 9
1+ yalip ©)

Knl =Y —

Given the critical coupling condition by (7) and (8), the matrix
elements of Yicr can be easily shown as

o Q 8 Wo
Y11 = s \ o + 5

LA L)
yQQ_RL W s
-M 1 kwo@ 1

Y21 = Y12 = L1L2—M2g: - RsRy s

(10)
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where () and w, are defined as

Q = Rsclwo
= RLCQUJO
1

We =

VI1Ci(1 - k?)
1
AV LzOQ(l — ]{’2) '
Essentially ) corresponds to the quality factor of the uncoupled
loaded resonators.

Let the imaginary part of the input admittance be zero. The
solution gives the modified resonance frequencies of the ICR
with the loading effect. Two parallel wy, ; and one series wg!
resonance frequencies can therefore be found. They are

-—1111121/@)12
WL H = Wo! —ﬁ (_W> _(_' (12)

(11)

WS = W- (13)
When @ is high, (12) can be simplified as
wr = we/ (11 k). (14)

As expected, (14) is the same as w,,;, and w, gz when m = 1,
indicating that the loading effect can be neglected.

At wy, and wgy, the input admittance Yj,; becomes a real
value, given by

1
K111|wL,wH = GS = 5

e (15)

The impedance matching condition is achieved. The ICR can
couple the signal with the highest gain. This confirms the critical
coupling condition in (7) and (8), even with the loading effect.
In essence, this is an impedance transformation process to meet
the optimal loading condition. On the other hand, impedance
transformation is different at wg. The input impedance is given
as

(16)

which fails to meet the critical coupling condition. That is, en-
ergy coupling is less efficient than that at wz, and wg.

Note that wz g coincides with wg at w, as k@ = 1. Al-
though it appears that the critical coupling condition is achieved
atwg as kG = 1, the coupling system exhibits a narrowband re-
sponse, undesired for the wideband operation. It is also observed
that wg is very close to the minimum gain frequency wyi, as @
is high and % is small.

Yintlus = Gs (kQ)*

C. Signal Gain

The passive coupled system in Fig. 2(b) can give signal cur-
rent or voltage gain, utilizing impedance transformation. This
passive gain by the impedance transformation is very useful for
the low power application since it does not consume any power.

IStrictly speaking, wg is not considered as a resonance frequency of the cou-
pling system since the highest gain is not gained at it in most case, except as
k(@ = 1 as indicated in (16).
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Consider all of the available power from the source is delivered
to the load, i.e.,

2
1. 1/1.
5 (7/0[1'5)2 RL =3 <_Zin> RS-

2\ 2 an

If Ry < Rg, it yields to the maximum current gain given by

iout 1 RS
A max g " = — 4 _—.
" tin 2V Rp

If By, > Rg, it achieves the maximum voltage gain given by

Vout, 1 RL
Ay max — =\ 5
v vin 2V Rg

The maximum gain is obtained under the impedance matching
condition.

An ideal transformer gives the maximum gain in the
broadband sense. If the turn ratio is set as \/ Rs /Ry, for the
impedance transformation, the maximum current gain can be
obtained over infinite bandwidth. In the case of an RCN, the
maximum gain occurs only at the resonance frequencies calcu-
lated by (12). Gain decreases to a minimum between the two
peak gain frequencies, resulting in gain variation. It is critical
to make wide separation between the peak gain frequencies,
and keep Ripple less than 3 dB.

The closed form of the ICR current gain can be derived as

(18)

19

—Y21
out _ 0
in  (Gs+yn) (1 +yeRL) — v R (20)

Lout

After substituting (10) into (20), the current gain can be shown
as

Z‘out _ _Jszwn 1 RS
Z.in B 1 z 2 5 R_L
(oo )T eoar™

k£3

21
where wy, is the frequency normalized to w,, i.e., wp = w/w,.
The voltage gain can also be derived by transforming the Norton
current source into the Thevenin voltage. Note that the derived
gain formulas are exactly matched to the simulation results. It is
quite cumbersome to formulate the closed form of the minimum
passive gain. Instead, the results are observed numerically. The
normalized current gain using (18) and (21) is plotted in Fig. 3,
where %k and () are varied.

It is clear that the minimum gain occurs at the frequency of
Wmin # 1, 1.e., not equal to w,,. By observing the gain response,
Wmin 18 approximately at (wr 4+ wg )/2, the arithmetic average
of wy, and wy. From (18) and (21), Ripple can be acquired as

o fosafee L) 0o

—72kQuwm,

Ripple = 20 log

(22)
where wy,, = Win/w,. For convenience, we define a parameter
of FS as
YH T YL 100% = 2 (M) x 100%. (23)

Wmin wy +wg,

FS =
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Fig. 3. Normalized passive gain versus w,, . (a) k& is fixed at 0.5. (b) () is fixed
at 8.

Note that the actual —3-dB bandwidth is wider than (23) since
wy, andwy correspond to the highest gain that the RCN can pro-
vide. It is evident that the resonance frequencies are affected by
(2, the loading effect, and k, the coupling. Higher FS can be
obtained if the coupling is stronger, but larger Ripple is also in-
troduced. On the other hand, smaller k& and @) result in smaller
Ripple at the price of narrower FS. Obviously, there exists a
tradeoff between FS and Ripple to meet a desired wideband re-
sponse with an acceptable Ripple level. Fig. 4 shows the com-
parison between simulation and calculation results of FS and
Ripple as % and () are varied. The calculation results match well
with simulation ones.

Contour plots can help designers to choose an appropriate
combination of k and () to trade off FS and Ripple. Two plots
in Fig. 5 are superposed over the range of () and % from 0 to
15 and 0 to 1, respectively. The No Solution region represents
that the ICR no longer resonates at wy, and wgr, but only at w,.
Actually, it is bounded by k() = 1, corresponding to zero FS.
The contour line of 3-dB Ripple is highlighted via a blue line
(in the online version) with circular symbols. The associated
component values are summarized in Table I. These parameters
are normalized to Rg and w, so that they can be easily scaled
to the frequency band of interest.

D. Design Flow of the ICR

With the derived transfer functions, FS, and Ripple, the ICR
for the wideband impedance transformation can be designed
systematically. In the first place, the coil turn ratio » is selected
according to the Rg/ Ry ratio. Given the targeted FS and the
acceptable Ripple, the values of (7 and % can be determined.
wmin 1S obtained since it locates at the center of the interested



3506

55

aFS_Sim 110
-o- FS_Cal
-4 Ripple_Sim 18
— |- Ripple_Cal X
S 3
@ 50} 6 °
o
|48
45 : 12
4 6 8 10 12
Q
(@
100 T . 10
- FS_Sim
-e- FS_Cal
80} -+ Ripple_Sim 18
. <= Ripple_Cal 2
X T
o 60} 182
2 2
@
el 143
: : 2
0.2 0.4 0.6 0.8
k
(b)

Fig. 4. Comparison between simulation and calculation results of FS and
Ripple. (a) k& is fixed at 0.5. (b) (7 is fixed at 8.

-
[3,]

-
N

.

Fig. 5. Contour plots of FS and Ripple versus the coupling coefficient and the
quality factor of ().

band. w, is then found from wyi,. From (11), Cy, Cs, Ly, and
L5 can be determined exactly. A transformer is designed to meet
the component values. Additional capacitors can be added if the
extracted parasitic capacitance does not meet the requirement.
The design flow of the ICR is summarized in Fig. 6.

The properties of compact chip area, wideband impedance
transformation, and working as a balun make the ICR very suit-
able for on-chip circuit design. Hence, the ICR is incorporated
into the proposed wideband receiver front-end to realize a com-
pact, low power, and low-cost solution. Section III is going to
present the details of the receiver design.
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TABLE I
COMPONENT VALUES FOR 3-dB RIPPLE

Rs/RL = nz, an = nZC..l, an = lml/nz, Cl = Cul/Rs(l)o,

C, = Cro/Rsw,, L1 = RsLyi/wo, and L, = RsLnp/w,.

k 0 FS (%) Ly Cui
0.1 24.09 9.1 0.04 | 24.09
0.2 12.02 18.4 0.09 12.02
0.3 7.98 28.0 0.14 7.98
0.4 5.96 38.2 0.20 5.96
0.5 4.73 49.2 0.28 4.73
0.6 3.90 61.5 0.40 3.90
0.7 3.30 75.9 0.59 3.30
0.8 2.85 93.8 0.97 2.85
0.9 248 119.4 2.12 248

Given Targeted Acceptable
Rs/R. FS ripple
n found by kand Q
n*=Rs/R. found
v v
C1, Cz, L1, and Lz
found
!
Transformer
design

|

Extracted capacitance meets
C; and C; requirement?

l Yes l No
D Add additional
one .
capacitors

Fig. 6. Design flow of the ICR for wideband applications.

III. WIDEBAND RECEIVER DESIGN

The receiver architecture under consideration is shown in
Fig. 7 [14]. The direct-conversion architecture is adopted for
the sake of a minimal number of components. It also elimi-
nates the need of an image rejection filter. In this study, only
the 7I-path is implemented, including an LNA, a balun, and a
double-balanced mixer. The (J-path can be easily incorporated
by using the same design. The design needs to provide wide-
band responses of voltage-to-current conversion in the LNA
stage, single-to-differential conversion in the balun, and cur-
rent-to-voltage frequency conversion in the mixer. Hence, poles
associated with the LNA output capacitance Cpx4, the mixer
input capacitance Cljixer, and other parasitic ones, shall be con-
sidered carefully.

Fig. 8 shows the proposed wideband receiver front-end. Low
power operation is feasible since it only needs a few passive
components and amplifier stages. The LNA adopts a common-
gate (CG) topology, which gives a wideband response not only
in gain, but also in noise and linearity. It also directly works
as the transconductor stage of the mixer, which is a great ben-
efit in reducing power consumption [14]. The ICR fulfills the
balun function and inter-stage impedance transformation. Actu-
ally the two coupled resonators absorb the parasitic capacitances
from the LNA, transformer, and mixer into the design, which is
favorable for bandwidth enhancement of alleviating the issue
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Fig. 7. Adopted direct-conversion architecture. This study includes the design
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Fig. 8. Proposed wideband receiver front-end. The ICR functions as a balun
and also provides wideband impedance transformation. C'; is used as a dc
blocking capacitor.

due to the mixer input pole and the LNA output pole. Finally,
the double-balanced mixer provides the frequency down-con-
version and eliminates LO leakages from desensitizing the fol-
lowing stages [14]. The Sections III-A-III-C will detail each
block design.

A. LNA Design

The LNA is a critical block to provide a wideband response,
not only in input matching but also in noise figure (NF) and lin-
earity. It was proposed to apply a common-source (CS) struc-
ture with a high-order input matching network for wideband
operation [21], [22]. However, the approach calls for a large
number of inductors, requiring large chip area and increasing
NF. In this study, the common-gate low-noise amplifier (CG-
LNA) is instead chosen, which is in need of only one inductor.
The CG-LNA is also advantageous because it has better re-
verse isolation and stability [23]. The most significant feature
is that it provides better noise performance for higher oper-
ating frequency w,,, since the gate-induced noise is insensitive
t0 wop/wr (wr is the unity current gain frequency) while the
CS-LNA is proportional to wey, /wr [24].

The input equivalent circuit of the CG-LNA is established to
analyze the input matching, as shown Fig. 9(a), in which Rg is
the source resistance and Clgs; and g,,,1 are the gate-to-source
capacitance and the transconductance of M, respectively. It
requires g,,1 equal to 1/Rg for impedance matching. Lg tunes
out Cy1 only at the center of the frequency band. Wideband
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Fig. 9. (a) Equivalent circuit for the input matching network. (b) Equivalent
circuit for the matching network at the M drain.

matching relies on the low quality factor of the input matching
network. The input impedance Z;,2(s) can be derived as

]
Cos
Zina(s) = gl (24)
Wo;
s2 + < ‘”) 5+ w2,
Qin
where ()i, and w,; are defined as
viO s
Qin = Poizesl woiCgs1Rs
m1
. (25)
Woy = —F———
\/LSCgsl

representing the quality factor and the resonance frequency of
the input matching network, respectively. To have bandwidth of
0.4w,;, i.e., 40%, ()5, needs to be smaller than 2.5. Note that the
above derivation assumes infinite output resistance r,. If r, is
finite, the loading at the M drain will affect the input matching.
Lg can be adjusted to move w,; back to the desired frequency.

The parasitic capacitance at the drain node of M; introduces a
nondominant pole and degrades the LNA bandwidth. For band-
width enhancement, the inductor L,. is added to form a 7 -net-
work together with the gate-to-drain capacitance Cyq1 of M
and the gate-to-source capacitance Cly» of Moy, as shown in
Fig. 9(b). The network is driven by the M; output short cur-
rent 44 371 With the impedance of twice of the Ay output re-
sistance 7,1, and loaded by the M5 input resistance expressed
a8 1/gma + R et/ (gmaroz), where Ry o is the effective load
seen by M,. The network generates the output current 7, as2,
equal to the LNA output current ip. 5o through the CG M5 tran-
sistor. Smaller L, values present wider bandwidth of the cur-
rent transfer, but with the price of larger gain ripple [25]. In
this study, the network is intentionally designed to provide gain
peaking around 28 GHz for the concern of higher ICR loss at
wp 1n practice.

Adding L, can also minimize the variation of the LNA noise
within the interested band. The NF is dominated by M in the
low operating frequency. M> noise can be neglected because
of high degeneration impedance at its source. However, the de-
generation impedance decreases at the high operating frequency
due to the parasitic pole at the M; drain. This causes M, noise
contribution to rise rapidly along with the frequency. L,. boosts
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Fig. 11. Equivalent circuit of the ICR.

the LNA gain at wy and also helps suppress A5 noise. Hence,
the noise can be assumed to be mainly contributed by the M
transistor. Accordingly, the noise factor can be derived as

(26)

where 7, a, and § are process-dependent noise parameters [26].
F' is dominated by the second factor associated with the channel
thermal noise. The only frequency-dependent term is the third
one, which has a small weighting factor, implying less sen-
sitivity of the NF to the frequency variation. Actually, noise
matching only occurs within a narrow frequency range since
no feedback technique is employed. However, L, can minimize
the NF variation within the interested frequency band. Fig. 10
shows the post-layout simulation results of the NF frequency
response with and without L,.. The variation becomes smaller
than 0.63 dB over the 20-30-GHz band after L, is added.

For the linearity consideration, the CG-LNA has a superior
input third-order intercept point (IIP3) as compared to the CS
counterpart [27]. In general, the linearity is strongly affected by
the LNA output loading [14]. That is, the IIP3 is insensitive to
the frequency variation as long as the LNA faces a wideband
load. In this study, the wideband load is achieved by the ICR
to sustain wideband linearity performance. Fig. 10 shows the
post-layout simulation results of the IIP3 with and without L,
as the LNA is loaded with the ICR and the mixer. The IIP3
is degraded as L, is included. However, the IIP3 is still better
than —0.6 dBm. It is worth trading off the linearity for the NF
improvement.
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P,

Fig. 12. Proposed transformer. Wy, W5, and s are the width and spacing of
the primary and secondary coils, respectively. OD is the outside dimension.
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Fig. 13. EM simulation results of the proposed transformer.
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Fig. 14. Post-layout simulation results of the NF and the IIP3 of the mixer.

Based on the above discussion, the bias and the transistor
size can be designed accordingly. To make g,,,1 equal to 1/RRg,
the transistor with higher V55 and smaller size can be chosen
or vice versa. A smaller transistor can increase the matching
bandwidth, but at the price of higher power consumption and
larger Ls. On the other hand, the power consumption can be re-
duced by choosing a larger transistor, but at the cost of narrower
bandwidth and higher noise. To make good tradeoff among the
power, NF, and chip area, the bias and the transistor size are de-
signed as 0.77 V and 60 pm, respectively. Lg of 0.23 nH is em-
ployed to resonate at around 25 GHz. The quality factor is cal-
culated to be 1.4, corresponding to the bandwidth of 17.8 GHz.
The LNA only draws 3.8 mA from a 1.2-V supply.
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Fig. 16. Chip micrograph of the proposed receiver front-end.
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Fig. 17. Measured input return loss.

B. Mixer Design

The mixer is implemented in the doubled-balanced configu-
ration for better port-to-port isolation. This is especially critical
for the direct conversion receiver. In this study, the LNA is di-
rectly utilized as the transconductor stage to reduce the power
consumption. Since the mixer linearity is mainly bounded by
the transconductor stage, the CG-LNA also benefits in mixer
performance due to the degeneration resistance Iig.

M3y transistors act as the switching stage. pMOS transistors
are chosen because of better flicker noise performance. Ideally,
only one switching path is on at a time. Nonideal switching,
however, degrades the noise and the gain performance. To re-
duce the time interval in which the switching transistors are
on simultaneously, local oscillator (LO) power of —1 dBm and
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Vsa 3—¢ of 0.49 V, near the transistor threshold voltage, are
chosen. Rp and (', are designed as 2 k{2 and 0.3 pF, resulting
in IF bandwidth around 300 MHz.

C. ICR Design

Once the design of the mixer and the LNA is completed, the
ICR is employed to provide wideband signal transfer. Fig. 11
illustrates the equivalent-circuit model [14]. The output and the
input impedances of the LNA and the mixer are modeled by
Rina, CLxa, RMixer, and Chixer, respectively. Cpy, Cpa,
I?s1, and I7s2 model the parasitic capacitances and the ohmic
losses of the transformer, respectively. To ease the analysis, the
transformer is assumed lossless. Since the transformer is sym-
metric to the virtual ground of the secondary coil, the ICR can
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TABLE 11
PERFORMANCE SUMMARY AND COMPARISON WITH PRIOR STUDIES

Vop Ppc RF Frequency  -3-dB BW S11 Gain IIP3 NF Active Area
Reference Technology (fr (GHz)) ™ (mW) (GHz) %) (dB) (B) (dBm) (dB) (mm?)
[1] 0.18 um CMOS (55) 1.8 32.9@ 21.3-29 30.6 <-145 281 >-9 5.5-7.4 2.50
[2] 0.18 pm CMOS (55) 15 60 21.8 - 218 357  -13.59 7.7 0.2
[51 0.18 pm CMOS (55) 1.8 39.2 21-29 32 <-88 25.1 -179 4151 0.96
[6] 0.18 pm BiCMOS (70) 1.8 60 24/31 - <12 21/18 N/A 8/9.5 0.7
[29]1@ SiGe HBT (80) 5.0 1080 22-26 16.7 <5 45 N/A 7.8 N/A
[30] 0.13 um CMOS (NA) 15 115 22-24 8.7 <-10 12 >-125 758 0.75@
[31] 65 nm CMOS (NA) N/A 69.6 2325 8.3 N/A 315 -17 6.5 0.359
[32] 0.13 um CMOS (NA) 1.6 45.8 24 - -15 32 320 10 0.29
[33] 0.18 pm CMOS (55) 1.8 54 24 - -14.3 28.4 -13 6 0.81
[34] 0.18 um BiCMOS (200) 2.5 107.5 22-29 275 <-10 35 2379 4557 N/A
This Work 0.18 pm CMOS (55) 1.2 52 20-30 40 <-17.6 187 >-76  7.1-14.2 0.18

(a) including the variable-gain amplifier (VGA) power. (b) including I/Q paths. (c) estimated by ITP3~ P1dB + 9.5 dBm. (d) LNA + mixer + VGA + switch +

integrator. (e) estimated.

be analyzed by using the upper half circuit of Fig. 11. As com-
pared to Fig. 2, the developed ICR theory can be applied di-
rectly here. Following the design flow in Fig. 6, the ICR can be
designed systematically. In the first place, the coil turn ratio n
is selected as 1.5 due to the Ri,Na/Rumixer 1atio. The targeted
FS and the Ripple are around 30% and 3 dB, respectively. From
Table I, () of around 8 and % of 0.3 are chosen. w,,;, is located
at 25 GHz, the center of the interested band. w,, is then found to
be 25.34 GHz. C; of 72 {F, C5 of 163 fF, L; of 0.6 nH, and L-
of 0.27 nH, are determined accordingly.

The designed transformer is shown in Fig. 12, where the P;
port is connected to the LNA, and the P and P ports are con-
nected to the double-balanced mixer. The width of the primary
and secondary coils, W, and W5, is chosen as 8 zm. The spacing
is designed as 6 pm to let & near the desired value of 0.3. The
outside dimension OD is chosen as 130 pm to fulfill the L; and
L requirement. The electromagnetic (EM) simulation results
of the proposed transformer are illustrated in Fig. 13. The ex-
tracted transformer parameters are L1, Lo, n, k, Rg1, and Rgo
of 0.59 nH, 0.24 nH and 1.6, 0.28, 2.48, and 3 €2, respectively.
Note that Ly, Ls, and & are extracted at low-frequency range as
the capacitive effect can be neglected. Since the parasitic capac-
itances from the LNA, mixer, and transformer are close to the
C1 and Cs requirement, no additional capacitors are required.

The post-layout simulation results of the NF and the IIP3 of
the mixer combined with the ICR are shown in Fig. 14. The NF
and IIP3 are varied from 11.8 to 15.8 dB and —2 to 4.5 dBm,
respectively, within 20-30-GHz range.

Fig. 15 illustrates the post-layout simulation results of the
gain response of each building block, including the trans-con-
ductance gain of the LNA, the trans-resistance gain of the mixer
combined with the ICR, and the conversion gain of the receiver
front-end. The unavoidable ohmic loss in the ICR causes around
3-dB lower gain atwy than that at wy,. Fortunately, using L,. for
bandwidth enhancement in the LNA stage can compensate this
effect. The proposed receiver shows —3-dB bandwidth from 20
to 33 GHz with a peak conversion gain of 20.8 dB.

IV. EXPERIMENTAL RESULTS
The wideband receiver front-end is implemented in 0.18-zm
CMOS technology with fr around 55 GHz. The chip micro-
graph is shown in Fig. 16. The die size is 1000 ;#m % 670 pm,
including the bonding pads. The active area is only 0.18 mm?.

The measurement is conducted by a chip-on-board setup. DC
bias is wire-bonded to a printed circuit board (PCB), while the
RF and LO signals are applied using high-frequency probes. The
differential IF signal is converted into a single-ended output by
an off-chip balun. The front-end only consumes 5.2 mW under
a 1.2-V supply.

Fig. 17 shows the measured input return loss. The input return
loss is better than 17.6 dB within the 20-30-GHz band. Fig. 18
illustrates the measured conversion gain as the LO power and IF
frequency are —1 dBm and 3 MHz, respectively. The peak gain
is 18.7 dB with —3-dB bandwidth covering from 20 to 30 GHz.
The measured result shows a similar trend as that of the sim-
ulated one. The parasitic effect caused by bond-wires between
the chip ground and PCB ground is also observed. It results in
an uneven frequency response. There exits roughly 3-dB gain
difference between the measured and the simulated results. The
discrepancy might come from the nonaccurate transistor mod-
eling that causes additional unexpected parasitic components.
This might be improved by extracting the transistor parasitic
capacitances by using EM simulation [28].

The IIP3 is measured by conducting a two-tone test with an
FS of 0.1 MHz. Fig. 19 shows the measured IIP3. It is better
than —7.6 dBm within the 20-30-GHz band. 1-dB compression
point is also measured. It varied from —15.1 to —17.9 dBm,
within the 20-30-GHz frequency range. Fig. 20 illustrates the
measured NF as the IF frequency is 10 MHz. The minimum NF
is 7.1 dB. The rise of the NF at higher frequency band is caused
by the gain degradation. Table II summaries the chip perfor-
mance and makes a comparison with prior studies. It is clear
that the proposed receiver front-end shows the lowest power
consumption, lowest supply voltage, and occupies the smallest
chip area, while keeping good circuit performance in the gain,
input return loss, linearity, and bandwidth.

V. CONCLUSION

A compact low-power wideband receiver front-end using
ICRs has been proposed and verified by experimental results.
The wideband theory of the ICR with asymmetric loads has
been given and guidelines have been provided to design the
ICR systematically. Realized in 0.18-pm CMOS technology,
the receiver achieves —3-dB bandwidth of 20-30 GHz with a
peak gain of 18.7 dB. The power consumption is only 5.2 mW
from a 1.2-V supply. The occupied chip area is only 0.18 mm?.
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The proposed technique can be easily applied to other bands,
such as the 57-64-GHz band.
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