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A 2.4 GHz ZigBee Receiver Exploiting an
RF-to-BB-Current-Reuse Blixer + Hybrid Filter
Topology 1n 65 nm CMOS

Zhicheng Lin, Pui-In Mak, Senior Member, IEEE, and Rui P. Martins, Fellow, [EEE

Abstract—A 2.4 GHz ZigBee receiver unifying a balun-
LNA-I/Q-mixer (Blixer) and a baseband (BB) hybrid filter in
one cell is fabricated in 65 nm CMOS. Without any external
components, wideband input matching and passive pre-gain are
concurrently achieved via co-optimizing an integrated low-Q
network with a balun-LNA. The latter also features active-gain
boosting and partial-noise canceling to enhance the gain and noise
figure (NF). Above the balun-LNA are 1/Q double-balanced mixers
driven by a 4-phase 25% LO for downconversion and gain-phase
balancing. The generated BB currents are immediately filtered
by an IF-noise-shaping current-mode Biquad and a complex-pole
load, offering first-order image rejection and third-order channel
selection directly atop the Blixer. Together with other BB and
LO circuitries, the receiver measures 8.5 dB NF, 57 dB gain and
—6-dBm IIP3,,;_bana at 1.7 mW power and 0.24 mm? die size.
The S;1-bandwidth (< —10 dB) covers 2.25 to 3.55 GHz being ro-
bust to packaging variations. Most performance metrics compare
favorably with the state-of-the-art.

Index Terms—Balun low-noise amplifier (Balun-LNA), CMOS,
current reuse, hybrid filter, local oscillator (LO), mixer, noise
figure (NF), noise-canceling, noise-shaping, output balancing,
polyphase filter (PPF), RC-CR network, receiver, voltage-con-
trolled oscillator (VCQO), wireless, ZigBee.

I. INTRODUCTION

LTRA-LOW-POWER (ULP) radios have essentially un-

derpinned the development of short-range wireless tech-
nologies [1] such as personal/body-area networks and Internet
of Things. The main challenges faced by those ULP radios are
the stringent power and area budgets, and the pressure of min-
imum external components to save cost and system volume.
Balancing them with the performance metrics such as noise
figure (NF), linearity and input matching involves many design
tradeoffs at both architecture and circuit levels.
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Ultra-low-voltage receivers have been extensively studied for
short-range ZigBee, Bluetooth and energy-harvesting applica-
tions [2]-[5]. Yet, the lack of voltage headroom will limit the
signal swing and transistor’s fr, imposing the need of bulky
inductors or transformers to facilitate the biasing and tune out
the parasitics. Thus, the die area is easily penalized, such as
5.76 mm? in [4] and 2.5 mm? in [5]. In fact, the current-reuse
topologies should benefit more from technology scaling when
the NF is less demanding. Advanced process nodes such as
65 nm CMOS feature sufficiently high-fr and low-Vp tran-
sistors for GHz circuits to operate at very small bias currents.
Unsurprisingly, when cascoding the building blocks for current
reuse, such as the low-noise amplifier (LNA) plus mixer [6],
the RF bandwidth and linearity can be improved as well, by
avoiding any high-impedance nodes at their interface.

Several NF-relaxed current-reuse receivers have been re-
ported. The LNA-Mixers-VCO (LMV) cell [7] is illustrated in
Fig. 1. Sharing the bias current among more blocks success-
fully saves the power (2.4 mW), but the NF, gain and Sq; are
sensitive to its external high-Q inductor (L) for narrowband
input matching and passive pre-gain. Also, under the same bias
current, it is hard to optimize the LNA’s NF (RF path) with the
phase noise of the VCO (LO path). Finally, although a single
VCO can save area, the narrow-band I/Q generation has to
be embedded into the LNA, rendering the I/Q accuracy more
susceptible to process variations.

To return the I/Q generation back to the LO path, [8] adopted
two VCOs to tailor a quadrature LMV (QLMYV) cell. Although
its power is further optimized (1 mW), three on-chip inductors
and one off-chip balun are entailed, penalizing the die size
and system cost. Also, both LMV and QLMYV cells share the
same pitfall that only a 50%-duty-cycle LO (50% LO) can be
used for the mixing, which is less effective than 25% LO in
terms of gain (i.e., 3 dB higher), NF and I/Q isolation [6].
Finally, as their baseband (BB) channel selection and image
rejection are out of their current-reuse paths, any large out-band
blockers will be converted into voltages before filtering. This
fact constitutes a hard tradeoff between noise, linearity and
power (i.e., 1.2 mW BB power in [7] and 5.2 mW BB power
in [8]).

Another example is the current-reuse circuit-reuse receiver
reported in [9]. It merges the RF LNA and BB transimpedance
amplifier (TIA) in one cell [Fig. 2(a)]. A conceptual view of its
operation is given in Fig. 2(b). Without the VCO, and by using
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Fig. 1. LMYV cell [6]. Lokt is external for narrowband input matching and pre-gain. One LC-tank VCO saves the chip area, but putting the I/Q generation in the
LNA (M;-M,) degrades NF. Only single-balanced mixers (M;—M4) can be used.

Fig. 2. (a) Circuit-reuse receiver merging RF LNA and BB TIA [9]. (b) Its
single-ended equivalent circuit illustrating its RF-to-BB operation conceptually
(from right to left).

passive mixers, this topology can reserve more voltage head-
room for the dynamic range. A RF balun is nevertheless en-
tailed for its fully-differential operation, and several constraints
limit its NF and linearity: 1) the LNA and TTIA must be bi-
ased at the same current; 2) the LNA’s NF should benefit more
from short-channel devices for M; _», but the BB TIA prefers
long-channel ones to lower the 1/{ noise; and 3) any out-band
blockers will be amplified at the LNA’s (TIA’s) output before
deep BB filtering.

This paper describes the details of an extensive-current-reuse
ZigBee receiver [10] with most RF-to-BB functions merged
in one cell, while avoiding any external components for
input-impedance matching. Together with a number of ULP
circuits and optimization techniques, the receiver fabricated in
65 nm CMOS measures high performances in terms of IIP3,
S11- bandwidth, power and area efficiencies with respect to the
prior art.

Section II overviews the receiver architecture. Section III
details the implementation of key building blocks. Measure-
ment results and performance benchmarks are summarized in
Section IV, and conclusions are given in Section V.

II. PROPOSED CURRENT-REUSE RECEIVER ARCHITECTURE

Theblockdiagramisdepictedin Fig. 3. Asdiscussed above and
detailed in [8] for the QLMV cell, merging the LO path with the
signal pathisnotthat desirable, as they will add noise to each other
and induce signal loss. In fact, stacking of building blocks should
be in conformity with the signal flow from RF to BB, such that
all bias currents serve only the signal currents. In this work, the
LO path is separated, which also facilitates the use of a 25% LO
for better overall performance than in its 50% counterpart. The
single-ended RF input (Vg ) is taken by a low-() input-matching
network before reaching the Balun-LNA-I/Q-Mixer (Blixer).
Merging the latter with the hybrid filter not only saves power,
but also reduces the voltage swing at internal nodes benefitting
the linearity. The wideband input-matching network is also re-
sponsible for the pre-gain to enhance the NF. Unlike the LMV
cell that only can utilize single-balanced mixers [7], here the
balun-LNA featuring a differential output (+igx4) allows the
use of double-balanced mixers (DBMs). Driven by a 4-phase
25% LO, the I/Q-DBMs with a large output resistance robustly
correct the differential imbalances of +ij, 54 . The balanced BB
currents (Eimrx,1 and Liyvrx ) are then filtered directly in
the current domain by a current-mode Biquad stacked atop the
DBM. The Biquad features in-band noise-shaping centered at
the desired intermediate frequency (IF, 2 MHz). Only the filtered
output currents (£i,1.pr,; and %i,1pF ) are returned as volt-
ages (£V, 1 and £V, ) through the complex-pole load, which
performs both image rejection and channel selection. Out of the
current-reuse path there is a high-swing variable-gain amplifier
(VGA). It essentially deals with the gain loss of its succeeding
three-stage RC-CR polyphase filter (PPF), which is responsible
for large and robust image rejection over mismatches and process
variations. The final stage is an inverter amplifier before 50 €2 test
buffering. The 4-phase 25% LO can be generated by an external
4.8 GHz reference (L Oyt ) after a divide-by-2 (DIV1) that fea-
tures 50%-input 25%-output, or from an integrated 10 GHz VCO
after DIV1 and DIV2 (25%-input 25%-output) for additional
testability.
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Fig. 3. Proposed RF-to-BB-current-reuse ZigBee receiver.

Voo12
ZR. Simplified Load R.3 0

Vo p @— —» Voin -10 /

o Co=1pF

3 G0

b ks Low=0.5nH E;:ZZ?G’)EH

| vl wplheton ety eliato, ] ST e
sias 4 |4 inap itnan 4| 4 leias 1 1.I5 “sF . 25 3(GH3).5 4

< npu requency (GHz
Q Channel ____ ¢ b Voo
% Cs C. (b)
M1 :I
=
< 5.6
Rin’ Ceq | 5 —~ [ 0‘3’"W

v |, Low Cw J K B 541 Power of Acs
RF I T I:le u‘_g 52 \0,4””4/__’/
) g’ %E'_'LC T = SR

M p::J- in- 1 L -6myy
Vs " : f Ms Ak I 2 25 3
= - - BB Frequency (MHz)
Wideband Input Ma
Matching Network (c)

(@)

Fig. 4. (a) Proposed wideband input matching network, balun-LNA and I/Q-DBMs (Q channel is omitted and the load is simplified as Rr.). (b) Variation of
S11-bandwidth with bondwire inductance Lgw . (¢) Power of Acg versus NF.

II. CIRCUIT IMPLEMENTATION low-Q inductor results in area savings, while averting the need
of an external inductor for cost savings. Ly also serves as the
A. Wideband Input-Matching Network bias inductor for M. R, is the parallel shunt resistance of L.

C, stands for the parasitic capacitance from the pad and ESD

Its schematic is illustrated in Fig. 4(a). A low-Q inductor diodes. R, and C;, are the equivalent resistance and capaci-
(Lag) and two tapped capacitors (C,, and Cyq) are employed for  tance at node Vi, respectively. R/ is the downconversion re-
impedance down-conversion resonant and passive pre-gain. A sistance of Ry,. Lpw is the bondwire inductance and IRy is the
high-Q inductor is unnecessary since the ) of the LC matching source resistance. To simplify the analysis, we first omit Lpw
is dominated by the low input resistance of the LNA. Thus, a and Cj,, so that Lyg, Cp,, Cup, Rs and Rt (= R,,//Riy) together
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form a tapped capacitor facilitating the input matching. Gener-
ally, S1; < —10 dB is required and the desired value of R/ is
from 26 to 97 £} over the frequency band of interest. Thus, given
the Rt and Cy; values, the tolerable C,, can be derived from
R:, = Rr(Cm/(Cm + Cp))?. The pre-gain value (Apre amp)
from Vg to V;, is derived from VZ /2Rt = V& /2Rs, which
can be simplified as Apre.amp = v R1/Rg. The —3 dB band-
width of A}, amp is related to the network’s quality factor (Qy,)
as given by: Q, = Rr/2wgly = wo/w_saB, With wy =
1/\/LMCEQ and CEQ = CMCP/(CM + Cp)

In our design (Rt = 150 2, Cyy = 1.5 pF, Ly = 4.16 nH,
R, = 600, C, = 1pF, and Ri, = 2009), Aprc.amp has
a passband gain of ~4.7 dB over a 2.4 GHz bandwidth (at
RF = 2.4 GHz) under a low Q,, of 1. Thus, the tolerable C,, is
sufficiently wide (0.37 to 2.1 pF). The low-Q L, is extremely
compact (0.048 mm?) in the layout and induces a small parasitic
capacitance (~ 260 fF, part of C;y,). Fig. 4(b) demonstrates the
robustness of S1;1-bandwidth against Lgw from 0.5 to 2.5 nH.
The variation of C;,, to S1;-bandwidth was also studied. From
simulations, the tolerable C;,, is 300 to 500 fF at Lgw = 1.5 nH.
The correlation between Si1-bandwidth and Q,, is derived in
Appendix A.

B. Balun-LNA With Active Gain Boost and Partial Noise
Canceling

The common-gate (CG) common-source (CS) balun-LNA
[11] avoids the off-chip balun and achieves a low NF by noise
canceling, but the asymmetric CG-CS transconductances and
loads make the output balancing not wideband consistent.
Both [6] and [12] have addressed this issue. In [6], output
balancing is achieved by scaling M5_g with cross-connection
at BB, but that is incompatible with this work that includes
a hybrid filter. In [12], by introducing an AC-coupled CS
branch and a differential current balancer (DCB), the same
load is allowed for both CS and CG branches for wideband
output balancing. Thus, the NF of such a balun-LNA can be
optimized independently. This technique is transferred to this
ULP design, but only with the I/Q-DBMs inherently serve as
the DCB, avoiding a high voltage supply [12]. The detailed
schematic is depicted in Fig. 4(a). To maximize the voltage
headroom, M; (with g,, cg) and My (with g,, cs) were sized
with non-minimum channel length (L. = 0.18 zm) to lower
their V7. The AC-coupled gain stage is a self-biased inverter
amplifier (Agp) powered at 0.6-V (Vppeg) to enhance its
transconductance (g, agp)-to-current ratio. It gain-boosts the
CS branch while creating a loop gain around M; to enhance
its effective transconductance under less bias current (Ipras).
This scheme also allows the same Igras for both M; and Ms,
requiring no scaling of load (i.e., only Rp). Furthermore, a
small Ipras lowers the supply requirement, making a 1.2V
supply (Vppiz2) still adequate for the Blixer and hybrid filter,
while relaxing the required LO swing (1.LOp and LOy,). C1_3
for biasing are typical metal-oxide-metal (MoM) capacitors to
minimize the parasitics.

The balun-LNA features partial-noise canceling. To simplify
the study, we ignore the noise induced by DBM (M3—Mg) and
the effect of channel-length modulation. The noise transfer
function (TF) of M;’s noise (I, cq) to the BB differential
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output (V4 1p—Vo,m) can be derived when LOy, is high, and
the input impedance is matched:
TF; =

n,CG

_% (RL - Riqu,CSRL) (l)
where Gy,,cs = gm.cs + gm.aen. The noise of M can be fully
canceled if Ri,, Gy, ,cs = 1 is satisfied. However, as analyzed
in Section III-A, R;, =~ 200 € is desired for input matching
at low power. Thus, Gy, ¢g should be ~ 5mS, rendering the
noises of Gy, cs and Ry, still significant. Thus, device sizings for
full noise cancellation of M; should not lead to the lowest total
NF (NFota1). In fact, one can get a more optimized G, g (via
gm,acn) for stronger reduction of noise from G, cg and Ry, in-
stead of that from M; . Although this noise-canceling principle
has been discussed in [13] for its single-ended LNA, the output
balancing was not a concern there. In this work, the optimization
process is alleviated since the output balancing and NF are de-
coupled. The simulated NF ;.1 up to the V, 1, and V, 1, nodes
against the power given to the A is given in Fig. 4(c). NF 1.1
isreduced from 5.5dB at 0.3 mW to 4.9 dB at 0.6 mW, but is back
to 5 dB at 0.9 mW. Due to the use of passive pre-gain and a larger
R, that is ~3 times R, the noise contribution of the inductor is
<1% from simulations. The simulated NF at the outputs of the
LNA and test buffer are 5.3 and 6.6 dB, respectively. The rela-
tionship of Gy, s and NF 4,1 is derived in Appendix B, which
is also applicable to the balun-LNA in [12].

C. Double-Balanced Mixers Offering Output Balancing

As analyzed in [12] the active-gain-boosted balun-LNA can
only generate unbalanced outputs. Here, the output balancing is
inherently done by the [/Q-DBMs under a 4-phase 25% LO. For
simplicity, this principle is described for the I channel only under
a 2-phase 50% LO, as shown in Fig. 5, where the load is sim-
plified as Ry.. During the first-half LO cycle when L Oy, is high,
ipnap goes up and appears at V, 1, whileipxan goes down and
appears at V, 1. In the second-half LO cycle, both of the cur-
rents’ sign and current paths of ipxap and ipxa, are flipped.
Thus, when they are summed at the output during the whole LO
cycle, the output balancing is robust, thanks to the large output
resistance (9 k€2) of M5—Mg enabled by the very small Igrag
(85 pnA). To analytically prove the principle, we let irnap, =
aly cos(wst 4+ 1) andipnan = —Ia cos(wst + o), where T
is the amplitude, wy is the input signal frequency, « is the unbal-
anced gain factor and 1 and g+ are their arbitrary initial phases.
When there is sufficient filtering to remove the high-order terms,
we can deduce the BB currents iprx 1, and ivrx,in as given by

. 2
iMIx 1p = ;aIA cos(wst + 1) X coswpt

2
+ —Ia cos(wst + @2) X coswyt
b

al,
— A cos(wst — wot + 1)
T

I
+ f cos (wot — wst + ¢2) )
. I
IMIX,In = — ?A cos(wst — wot + 2)
1
L, (wob — wsb + 1)
is
= — M 1p (3)
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Fig. 6. (a) Proposed IF-noise-shaping Biquad and (b) its small-signal equivalent circuit showing the noise TF of Mg .

and a consistent proof for I/Q-DBMs under a 4-phase 25% LO
is obtained. Ideally, from (2)—(3), the DBM can correct per-
fectly the gain and phase errors from the balun-LNA, inde-
pendent of its different output impedances from the CG and
CS branches. In fact, even if the conversion gain of the two
mixer pairs (M5, Mg and Mg, M~) does not match (e.g., due
to non-50% LO duty cycle), the double-balanced operation can
still generate balanced outputs (confirmed by simulations). Of
course, the output impedance of the DBM can be affected by
that of the balun-LNA [Fig. 4(a)], but is highly desensitized due
to the small size of Ry, (i.e., the input impedance of the hybrid
filter) originally aimed for current-mode operation. Thus, the
intrinsic imbalance between V,, 1, and V,, 1, is negligibly small
(confirmed by simulations).

For devices sizing, a longer channel length (. = 0.18 ym)
is preferred for M5 _g to reduce their 1/f noise and V1. Hard-
switch mixing helps to desensitize the I[/Q-DBMs to LO gain
error, leaving the image rejection ratio (IRR) mainly determined
by the LO phase error that is a tradeoff with the LO-path power.
Here, the targeted LO phase error is relaxed to ~4°, as letting the
BB circuitry (i.e., the complex-pole load and three-stage RC-CR
PPF) to handle the IRR is more power efficient, as detailed in
Sections III-E and III-F.

D. Hybrid Filter First Half — Current-Mode Biquad With IF
Noise-Shaping

The current-mode Biquad [Fig. 6(a)] proposed in [14] is
an excellent candidate for current-reuse with the Blixer for

channel selection. However, this Biquad can only generate a
noise-shaping zero spanning from DC to ~ 270.1Qpwoz MHz
for Mg —Myo, where Qp and wgp are the Biquad’s quality factor
and —3 dB cutoff frequency, respectively. This noise shaping
is hence ineffective for our low-IF design having a passband
from w; to ws (= weg), where w1 > 0.1Qpwgp. To address
this issue, an active inductor (L,.¢) is added at the sources
of My—Myo. The L,.tCs resonator shifts the noise-shaping
zero to the desired IF. The cross-diode connection between
Mil_Mi4 (all with gm,aot) emulate Lact ~ Ci/g%nvact [15]:
[16]. The small-signal equivalent circuit to calculate the noise
TF of in,Mfl/ inout is shown in Fig. 6(b). The approximated
impedance of Zp in different frequencies related to wq, is
summarized in Fig. 7(a), where wg, = (w1 + ws)/2 is the res-
onant frequency of L, Cy at IF. The simulated iy ar1/in,out
is shown in Fig. 7(b). At the low frequency range, Zp behaves
inductively, degenerating further i,, ;i1 When the frequency is
increased. At the resonant frequency, Zp = R, where Rq¢ is
the parallel impedance of the active inductor’s shunt resistance
and DBM’s output resistance. The latter is much higher when
compared with Ry, thereby suppressing i, nif1. At the high
frequency range, Zp is more capacitive dominated by Cg. It
implies i, pir1 can be leaked to the output via Cyy, penalizing
the in-band noise. At even higher frequencies, the output noise
decreases due to Cyo, being the same as its original form [14].
The signal TF can be derived from Fig. 8. Here Ry, = 1/gms,
Liiq = Ci2/ g?nf. For an effective improvement of NF, L.t >
Ly,iq should be made. The simulated NF,4 at V,, 1, and Vg 15
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circuit). For the SS and FF corners, the NF improvement reduces
to 0.04 and 0.05 dB, respectively. These results are expected
due to the fact that at the FF corner, the noise contribution of
the BB is less significant due to a larger bias current; while at
the SS corner, the IF noise-shaping circuit will add more noise
by itself, offsetting the NF improvement. Here M¢;—Mygy use
isolated P-well for bulk-source connection, avoiding the body
effect while lowering their V.

E. Hybrid Filter Second Half — Complex-Pole Load

Unlike most active mixers or the original Blixer [6] that only
use a RC load, the proposed “load” synthesizes a first-order
complex pole at the positive IF (+IF) for channel selection and
image rejection. The circuit implementation and principle are
shown in Fig. 9(a) and (b), respectively. The real part (Ry,) is
obtained from the diode-connected Mj,, whereas the imaginary
part (gm,mMc) 1s from the I/Q-cross-connected M. The entire
hybrid filter [i.e., Fig. 7(a) + Fig. 9(b)] offers 5.2 dB IRR, and
12 dB (29 dB) adjacent (alternate) channel rejection as shown
in Fig. 10 (the channel spacing is 5 MHz). Similar to g,-C fil-
ters the center frequency is defined by g, vicRr.. When sizing
the —3 dB bandwidth, the output conductances of M¢ and M,
should be taken into account.

F. Current-Mirror VGA and RC-CR PPF

Outside the current-reuse path, V,1 and V,, ¢ are AC-cou-
pled to a high-swing current-mirror VGA formed with Mp,
[Fig. 9(a)] and a segmented My ga (Fig. 11), offering gain
controls with a 6 dB step size. To enhance the gain precision,

Complex-Pole Load
(b)

Fig. 9. (a) Proposed complex-pole load and (b) its small-signal equivalent cir-
cuit and pole plot.
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Fig. 10. Simulated hybrid-filter gain response.

the bias current through My 4 is kept constant, so as its output
impedance. With the gain switching of Myga, the input-re-
ferred noise of Mg will vary. However, when the RF signal
level is low the gain of the VGA should be high, rendering the
gain switching not influencing the receiver’s sensitivity. The
VGA is responsible for compensating the gain loss (30 dB) of
the three-stage passive RC-CR PPF that provides robust image
rejection of >50 dB (corner simulations). With the hybrid filter
rejecting the out-band blockers the linearity of the VGA is
further relaxed, so as its power budget (192 W, limited by the
noise and gain requirements).
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Fig. 11. Schematics of the BB (a) VGA, and (b) three-stage RC-CR PPF, in-
verter amplifier and 50-Q2 buffer.

A three-stage RC-CR PPF can robustly meet the required
IRR in the image band (i.e., the —IF), and cover the ratio
of maximum to minimum signal frequencies [17], [18]. In
our design, the expected IRR is 30 to 40 dB and the ratio of
frequency of the image band is fax/fmin (= 3). However,
counting the RC variations as large as +25%, the conservative
Afer = fiax _off/Tmin _oar should be close to 5. The selected
RC values are guided by [18]

o (Image Out)

Accordingly, the matching of the resistors (¢g) and capacitors
(o) can be relaxed to 0.9% (2.93%) for 40 dB (30 dB) IRR
with a 3¢ yield. Here, ~ 150 k2 resistors are chosen to ease the
layout with a single capacitor size (470 fF), balancing the noise,
area, and IRR. The simulated worst IRR is 36 dB without LO
mismatch, and still over 27 dB ata 4° LO phase error checked by
100x Monte-Carlo simulations. Furthermore, if the 5dB IRR
offered by the complex-pole load is added, the minimum IRR of
the IF chain should be 32 dB. The final stage before 50 €2 output
buffering is a self-biased inverter amplifier (power = 144 uW),
which embeds one more real pole for filtering. The simulated
overall IF gain response is shown in Fig. 12, where the notches
at DC offered by the AC-coupling network, and around the —IF
offered by the three-stage RC-CR PPF, are visible. The IRR is
about 57 dB [= 52 dB(RC-CR PPF) + 5 dB (complex-pole
load)] under an ideal 4-phase 25% LO for the image band from
[fLO — 37 fL() — 1] MHz.

“

G. VCO and Dividers and LO Buffers

To fully benefit the speed and low-V advantages of fine
linewidth CMOS, the entire LO path is powered at a lower
supply of 0.6 V to reduce the dynamic power. For additional
testability, an on-chip VCO is integrated. It is optimized at
~10 GHz to save area and allows division by 4 for I/Q genera-
tion. The loss of its LC tank is compensated by complementary
NMOS-PMOS negative transconductors.
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Fig. 12. Simulated overall IF gain response.

The divider chain [Fig. 13(a)] cascades two types of div-by-2
circuits (DIV1 and DIV2) to generate the desired 4-phase 25%
LO, from a 2-phase 50% output of the VCO. The two latches
(D1 and D2) are employed to build DIV that can directly gen-
erate a 25% output from a 50% input [20], resulting in power
savings due to less internal logic operation (i.e., AND gates
[19]) and load capacitances. Each latch consists of two sense
devices, a regenerative loop and two pull up devices. For 25%-
input 25%-output division, DIV2 is proposed that it can be di-
rectly interfaced with DIV 1. The 25% output of DIV1 are com-
bined by Mp; to Mp4 to generate a 50% clock signal for D3
and D4.

For testing under an external LO,y source at 4.8 GHz, an-
other set of D1 and D2 is adopted. The output of these two
sets of clocks are combined by transmission gates and then se-
lected. Although their transistor sizes can be reduced aggres-
sively to save power, their drivability and robustness in process
corners can be degraded. From simulations, the sizing can be
properly optimized. The four buffers (Buf;_4) serve to reshape
the pulses from DIV2 and enhance the drivability. The timing
diagram is shown in Fig. 13(b). Due to the very small Ipyss for
the I/Q-DBMs, a LO amplitude of around 0.4 V ,;, is found to be
more optimized in terms of NF and gain as simulated and shown
in Fig. 14(a). To gain benefits from it Cp ¢, is added to realize a
capacitor divider with Cyx i (input capacitance of the mixer)
as shown in Fig. 14(b). This act brings down the equivalent load
(CL,eq) of Buf1,4 by ~33%.

IV. EXPERIMENTAL RESULTS

The ZigBee receiver was fabricated in 65nm CMOS
(Fig. 15) and optimized with dual supplies (1.2 V: Blixer +
hybrid filter, 0.6 V: LO and BB circuitries). The die area is
0.24 mm? (0.3 mm?) without (with) counting the LC-tank
VCO. Since there is no frequency synthesizer integrated,
the results in Fig. 16(a)—(d) were measured under LO¢y for
accuracy and data repeatability. The S1;-BW (<—10 dB) is
~1.3 GHz for both chip-on-board (CoB) and CQFP-packaged
tests [Fig. 16(a)], which proves its immunity to board parasitics
and packaging variations. The gain (55 to 57 dB) and NF
(8.3 to 11.3 dB) are also wideband consistent [Fig. 16(b)].
The gain peak at around 2.4 to 2.5 GHz is from the passive
pre-gain. Following the linearity test profile of [7], two tones
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Fig. 13. (a) Schematics of DIV1 and DIV2, and (b) their timing diagrams.
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Fig. 14. (a) Post-layout simulation of NF and gain versus LO’s amplitude, and (b) additional Cr.o generates the optimum LO’s amplitude.
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Fig. 15. Chip micrograph of the receiver. It was tested under CoB and CQFP44 packaging. No external component is entailed for input matching.

at [LO 4+ 12 MHz, LO + 22 MHz] are applied, measuring an  test buffer and used 1:8 transformer). This high IIP3 is due to the
IIP3,y¢-hana of —6 dBm [Fig. 16(c)] at the maximum gain of direct current-mode filtering at the mixer’s output before signal
57 dB (there is 24 dB gain loss in Fig. 16(c) associated with the = amplification. The asymmetric IF response [Fig. 16(d)] shows
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TABLE I
KEY PERFORMANCES OF THE RECEIVER AT DIFFERENT SUPPLY VOLTAGES
Supply Voltage (V) | 0.6/1.2 | 0.6/1 0.5/1
Power (mW) 17 12 0.8
Gain (dB) 57 58 575
1IP3out-band (dBm) -6 -4 -8
NF (dB) 85 1.3 12
IRR (dB) 36 38 35

22 dB (43 dB) rejection at the adjacent (alternate) channel,
and 36dB IRR. Differing from the simulated IF frequency
response that has three notches at the image band under an ideal
LO, the measured notches are merged. Similar to [18], this
discrepancy is likely due to the LO gain and phase mismatches,
and the matching and variations of the RC-CR networks. The
layout design is similar to [18] that uses dummy to balance the
parasitic capacitances. The filtering rejection profile is around
80 dB/decade. The spurious-free dynamic range (SFDR) is
close to 60 dB according to [7], [21],

2(Prps + 174 dBm — NF — 10log BW)

SFDR =
3

—SNRwmin

&)
where SNRy,;, = 4 dB is the minimum signal-to-noise ratio
required by the application, and BW = 2 MHz is the channel
bandwidth.

The receiver was further tested at lower voltage supplies, as
summarized in Table I. Only the NF degrades more noticeably;
the IIP3, IRR, and BB gain are almost secured. The better I1P3
for 0.6 V/1 V operation is mainly due to the narrower —3 dB
bandwidth of the hybrid filter. For the 0.5 V/1 V operation, the
degradation of ITP34¢-hana 18 likely due to the distortion gener-
ated by Agp. Both cases draw very low power down to 0.8 mW,
being comparable with other ULP designs such as [4].

g
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Fig. 17. (a) The measured phase noise has enough margin to the specifications.
From simulations, it can be shown that it is a tradeoff with the power budget
according to the VCO’s output swing. (b) Simulated sensitivity curve of DIV1
showing its small input-voltage requirement at ~10 GHz.

The LC-tank VCO was tested separately. Its power budget is
related with its output swing and is a tradeoff with the phase
noise, which measures —114 dBc/Hz at 3.5 MHz which has
enough margin to the specifications [22] [Fig. 17(a)]. Porting it
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TABLE 11
PERFORMANCE SUMMARY AND BENCHMARK WITH THE STATE-OF-THE-ART
This Work JSSC’10[7] JSSC’10 [8] JSSC'10 [23] I1SSCC'13 [5]
Application ZigBee ZigBee GPS ZigBee/Bluetooth Energy Harvesting
. Blixer + Hybrid-Filter + LMV Cell + QLMV Cell + LNA + Mixer + LNA = Mixer +
Architecture Passive RC-CR PPF Complex Filter |~ Complex Filter Complex Filt Frequency-
omplex FIEr 1 translated IF Filter
BB Filterin 1 Biquad + 3 complex poles 2 complex poles 3 complex poles 2 real poles
9 4 complex poles plexp plexp plexp P
External I/P Matching 1 inductor, ) 1 inductor, 2 capacitors,
zero . 1 passive balun ) .
Components 1 capacitor 1 capacitor 1 inductor
S11<-10dB 1300 <300 100 > 400 > 600
Bandwidth (MHz) (2.25 to 3.55 GHz) (231026 GHz) | (1.55t01.65GHz) | (<2.2t02.6 GHz) (<210 2.6 GHz)
Integrated VCO No Yes Yes Yes No Yes
Gain (dB) 57 55 75 425 67 83
. -115 -116 -110 -112.8
Phase Noise (dBc/Hz) NA @35MHz | @35MHz @1MHz NA @1MHz
NF (dB) 8.5 9 9 6.5 16 6.1
1IP3out-band (dBm) -6 -6 -12.5 N/A -10.5 -21.5
IRR (dB) 365(2’;;2) 2 35 37 32 N/A
SFDR (dB) 60.3 60 55.5 N/A 53.6 51.6
LO-to-RF Leak (dBm) -61 -61 -60 -75 N/A N/A
Power (mW) 1.7* 27 36 6.2 (inc. ADC) 20 1.6
Active Area (mm?) 0.24 0.3 0.35 1.5 (inc. ADC) 1.45 25
Supply Voltage (V) 0.6/1.2 1.2 1 0.6 0.3
Technology 65 nm CMOS 90 nm CMOS 130 nm CMOS 65 nm CMOS 65 nm CMOS

* Breakdown: 1 mW: Blixer + hybrid filter + BB circuitry, 0.7 mW: DIV1 + LO Buffers

to the simulation results, it can be found that the corresponding
VCO’s output swing is 0.34 V,;, and the total LO-path power
is 1.7mW (VCO + dividers + BUFs). Such an output swing
is adequate to lock DIV1 as shown in its simulated sensitivity
curve [Fig. 17(b)].

The chip summary and performance benchmarks are given
in Table II, where [7] and [8] are current-reuse architectures,
[23] is a classical architecture with cascade of building blocks,
and [5] is an ultra-low-voltage design. For this work, the results
measured under a 10 GHz on-chip VCO are also included for
completeness, but they are more sensitive to test uncertainties.
The degraded NF and IRR are mainly due to the phase noise
of the free-running VCO. In both cases, this work succeeds in
advancing the IIP 3, handa, power and area efficiencies, while
achieving a wideband S1; with zero external components. Par-
ticularly, when comparing with the most recent work [5], this
work achieves 8% less area and 15.5 dBm higher IIP3, together
with stronger BB channel selectivity.

V. CONCLUSIONS

A number of ULP circuits and optimization techniques have
been applied to the design of a 2.4 GHz ZigBee receiver in
65 nm CMOS. The extensive-current-reuse RF-to-BB path is
based on a Blixer + hybrid filter topology, which improves
not only the power and area efficiencies, but also the out-band
linearity due to more current-domain signal processing. Specif-
ically, the Blixer features: 1) a low-Q input matching network

realizing wideband Sj; and robust passive pre-gain, 2) a
balun-LNA with active-gain boosting and partial-noise-can-
celing improving the gain and NF, and 3) [/Q-DBMs driven by
a 4-phase 25% LO inherently offering output balancing. For
the hybrid filter, an IF-noise-shaping Biquad together with a
complex-pole load synthesize third-order channel selection and
first-order image rejection. All of these render current-reuse
topologies with great potential for developing ULP radios in
advanced CMOS processes.

APPENDIX A
S11<—10 DB BANDWIDTH VERSUS THE Q FACTOR (Q),,) OF
THE INPUT-MATCHING NETWORK [FIG. 4(A)]

At the resonant frequency wq, Ly; can resonate perfectly with
Cgq and R for an exact 50 2. However, at a lower frequency
w = wy — Awy, (Awy, > 0), the imaginary part of Ly //Crq is
non-zero, making R!, < 50 1. This imaginary part is expressed
as L.g and derived as follows:
sLiv

1 + SQCEQLM ’
Letw = wy — Awy,, where wy = 1/4/LaCrgq, and if substi-
tuted into (A-1), we will have

jwo —Awp) Ly j(wo — Awr) Ly

(LU() — AUJL)2 QAWL
2 wy

SLM//SCEQ = (A'l)

= Leff (A'z)

1 —
wo
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where Awy,/wy < 2 is assumed. Here, the parallel of |Leg| ||
Rt is down-converted to R}, = 26 w by Cy and C,,, thus,

‘Leff |RT (
|Leff‘ + R'T

2
Y ) =26 Q.
Cm + Gy

Substituting (A-2) into (A-3) and simplifying them, the normal-
ized low-side frequency is obtained:

(A-3)

A 1
e daC (A-4)
wo 1+ a Qn
R,T —a

where a = 26((Cym + Cp)/Cu)?. Then, the whole matching
bandwidth is close to twice the value derived in (A-1) if the
upper side is included. Equation (A-4) confirms that the Si;
bandwidth can be significantly extended by designing a low Q,,.

APPENDIX B
NF OF THE BALUN-LNA VERSUS THE GAIN (Gy,,cs) OF THE
CS BRANCH WITH Agp [FIG. 4(A)]

The NF4a1 can be reduced by increasing g, ags under
fixed gm,cq and gm cs, under matched input impedance. The
noises from the I/Q-DBMs and their harmonic-folding terms,
and the resistor R, are excluded for simplicity. Also, the con-
version gain of the active mixers is assumed to be unity. Here
G, cs isupsized from G cg t0 G cs = Gmo,cs+AGm cs,
where G.o_cs is the value for full noise cancellation of CG
branch, i.e., Rin Gmo.cs = 1. The four major noise sources con-
sidered here are the thermal noises from Rg(VZ . = 4kTR),
MI(I%}_CG = 4kT'ygmﬁcg), My + AGB(I;ZLCS = 4kT’me7cs)
and Ry (V2 = 4kTRy), where v is the bias-dependent
coefficient of the channel thermal noise. The noise contributed
by the CG branch can be deduced as

NF

g, CG

v2
n,out,CG
vz

u,out, Ry

%Iiﬁcg[RL — R (GmO,CS + AG’m,CS) RL]2

= 3
4kTRSA;2>re,amp X ix [g—:ﬂ + (GmO,CS + AGmCS) RL]
ng,CG(RinRLAGm,CS)2

2
2R
RsAgre,amp( Ri: + AG’m,CS]E{L)

. 4 2
~ ’ng,CGRin (AGIH,CS)
~ 2

4Aprc,a‘mpRS
AGIH,CS

(B-1)

where 2Rp/Ri, > AGy, csRi. if AGy, ¢g is increased, the
noise from M; also moves up. However, for the noise contribu-
tion of the CS branch, we can derive its TF to the output (V,ut)
as

_ Rg T
" 1+ T [Rin (Gmo.cs + AGu.cs)
~Ry (1 — AGu csRin)

+1

TFG".,cts—’VouL
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where T is the loop gain > 1. With it, the NF of ) and NF of
Gum,cs can be derived:

NFG". cs

2
_ Vn,out,CS

2
\/Vn.,our.,l:{S

y 2
4kT'7(Gm,CS + A("m,CS) (TFG,..@SH\"],“L)
2
4kTRsA2 x 1 x (215; + AGm,csRL)

pre,amp 4

~ 'yRizn(GmO,CS + AGIH,CS)(l - AGIH;CSRin)Z
R'SA}%re,amp

~ ’yRin(l - AG‘m,csI{in)
~ RgA2

pre,amp

(B-2)

NFg,
4kTRy,

- 2
4kTRsA2 x Lx I:% + (Gm,CS + AGm,CS) RLi|

pre,amp ”° 4
4Ry, 1
T RoA2 4R? | 2AGm,osRE
S pre,amp RTL + TL

in

1 AGp csRin
—

R?
~ RLRsAZ

pre,amp

(B-3)

As expected, when AG,, ¢ is increased, the noise contribution
of Gy, cg and Ry, can be reduced. The optimal AGy, ¢g can
be derived from ONF(4pu1/9AG, cs = 0, where NFpu =
1+ NFgq, + NFg¢, + 2NFg, .

elel n,Cs
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