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Abstract— We propose a simple power-efficient sub-1-V fully
integrated RF front end (RFE) for 2.4-GHz transceivers. It intro-
duces the following innovations. First, a function-reuse single-
MOS digitally controlled oscillator power amplifier (DCO-PA)
with full supply utilization improves antenna-to-DCO isolation
for better resilience to jammers. Second, a noninverting transmit-
ter (TX) matching transformer with a zero-shifting capacitor sup-
presses the second-harmonic emission of the DCO-PA and allows
a single-pin antenna interface for both TX and receiver (RX)
modes eliminating the transmit/receive (T/R) switches in the
signal path. Third, a push—pull low-noise amplifier (LNA)
reuses the TX matching transformer for passive gain boosting
that reduces power consumption. Fabricated in 65-nm CMOS,
the RFE occupies merely 0.17 mm?. Through the functional
merge of the oscillator and PA, it can transmit 0 dBm at RF,
featuring 10.2% power efficiency when delivering the RF power
as low as —10 dBm at a 0.3-V supply. Under a 0.5-V supply,
the LNA shows 11-dB gain and 6.8-dB noise figure (NF) while
consuming 174 u'W.

Index Terms—Digitally controlled oscillator (DCO), function
reuse, harmonic suppression, low-noise amplifier (LNA), power
amplifier (PA), RF front end (RFE), transformer, transmit/
receive (T/R) switch.

I. INTRODUCTION

LTRA-LOW-POWER (ULP) radios play a crucial role
Uin the expansion of Internet-of-Things (IoT) connectivity
where wireless sensors gather and exchange a massive amount
of data. In battery-operated low-data-rate, short-range sensor
applications, such as temperature, humidity and pressure mon-
itoring, as well as health tracking, the major bottleneck lies
in the battery life. Bluetooth low energy (BLE) is the key
standard, which has gained popularity [1]-[7] not only due to
its support for a lower duty-cycle operation but also for various
low-power states allowing to reduce current consumption in
line with the usage profile and application scenarios. Indeed,
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Fig. 1. BLE SoCs with programmable RF power.

the BLE transmitters (TXs) typically support programmable
RF output power from —20 to +4 dBm, as shown in Fig. 1
for a few commercial chipsets. The TX comprises an RF
power amplifier (PA) and a frequency synthesizer as major
components and dominates the total power consumption of
the RF transceiver. Hence, there are intensive ongoing efforts
on improving its efficiency, especially at deep power back-off
levels.

Open-loop modulation has recently gained popularity in
ULP TXs due to its energy-saving feature by shutting
down the all-digital phase locked loop (ADPLL) loop
after quickly acquiring the channel center frequency [1],
[6], [8]-[10]. Further improvements in substantially low-
ering of the DCO flicker noise help to bring the car-
rier frequency drift to well within the IoT specifications
[6], [10]. Under the open-loop scenario, the conventional TX
architectures can be simplified as a convenient arrangement
of a separate oscillator (e.g., voltage controlled oscillator
(VCO) or DCO) and a PA [see Fig. 2(a)], which are the two
most power-hungry blocks.! Generally, the oscillator runs at
2x PA carrier frequency to mitigate the potential injection
pulling attributed to the parasitically coupled (but frequency
modulated via the amplitude modulation (AM) component)
aggressor from the PA [11]. Consequently, this necessitates
divider and buffer stages in cascade to drive the PA in
which the consumed power into the PA driving does not
scale with the back-off of the TX output power. At the deep
power back-off, where the power spent into the PA driving is
comparable to the targeted RF power, the total TX efficiency
will be heavily compromised. Even with state-of-the-art highly

IThe power-saving benefits of the open-loop modulation can be extended
for quasi-open-loop modulation. An ADPLL for BLE in [10] features a mere
1-kHz loop bandwidth so that almost all of its digital circuitry can operate
in subthreshold, resulting in the DCO consuming 70% of its 0.9-mW power
budget.
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Fig. 2. ULP TXs. (a) Traditional, i.e., separate DCO and PA. (b) Current-
reuse PA-DCO stack. (¢) Function-reuse DCO-PA.

Fig. 3.  Function-reuse DCO-PA. (a) Class-F DCO-PA based on six-port
transformer in [14]. (b) Proposed DCO-PA.

efficient solutions [6], [12], the total TX efficiency is restricted
to 8% at deep power back-off (—10 dBm) even under an open-
loop operation. The latest ring-oscillator-based 4 x frequency
edge combiner [7] remarkably reduces the power consumed to
drive the PA while introducing significant compromise on its
phase noise (PN). Separate optimization of the PA, oscillator,
and other driving stages is not desirable in the low-power
regime.

A current-reuse PA-VCO stack [13] aims to optimize the
VCO and PA as an indivisible entity [see Fig. 2(b)]. However,
it is incompatible with the ultra-low-voltage (ULV) operation
and has a constrained output power due to the reduced voltage
headroom. There is an inherent tradeoff between the oscilla-
tor’s PN and total PA efficiency in terms of the supply division
between these two. Instead of the current-reuse TX topology,
the function-reuse DCO-PA first proposed in [14] seems more
promising through assimilating the power consumption of
the DCO into the DCO-PA with full Vpp utilization and
breaking the aforementioned PN and efficiency tradeoff with
purely passive (transformer) optimization [see Fig. 2(c)]. Nev-
ertheless, the six-port transformer that merges the oscillator
resonance tank and the PA matching network (MN) would
inevitably incur unfavorable mutual coupling between these
two, as shown by a coupling factor k3 in Fig. 3(a). Con-
sequently, this class-F DCO-PA is extremely vulnerable to
jammers appearing at the antenna. In addition, the second
impedance peak at the third harmonic for higher efficiency of
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this class-F DCO-PA could inevitably require off-chip filtering
of HD3

To avoid the mutual coupling resulting from the forced
coexistence of oscillation tank and impedance MN in the
shared six-port (i.e., three-winding) transformer of Fig. 3(a),
a single-MOS DCO-PA based on source-to-gate (S-to-G)
transformer feedback oscillation is proposed in this article.
It is shown in Fig. 3(b). The output matching transformer is
simultaneously utilized as a single-pin antenna interface (T/R
switch) for both TX and receiver (RX) modes while offering
passive gain boosting to the push—pull low-noise amplifier
(LNA), hence saving extra power.

The rest of this article is organized as follows. Section II
introduces the new single-MOS DCO-PA topology for ULP
TX accompanied by the zero-shifting capacitor across the
MN transformer windings to suppress the second harmonic.
The single-pin antenna interface and the passive gain-boosting
push—pull LNA are investigated in Section III. Section IV
reveals the top-level implementation of the prototype with
experimental results. Section V wraps up the article with
conclusions.

II. SINGLE-MOS DCO-PA rForR ULP TX

The concept of implementing the oscillator and PA using the
same transistor and operating at the same frequency was ini-
tially introduced in [15], where the tuned power oscillator can
be as energy efficient as the class-E PA. However, the scheme
requires complicated phase correction to guarantee the —196°
feedback loop phase shift. A DCO-PA-LNA-TX/RX-switch
co-designed block proposed in [16] delivers TX power by
connecting the antenna to the sources of the cross-coupled
transistors pair in the DCO, which suffers from limited output
power and injection pulling. Analogously, the impediment
to the practical application of the class-F DCO-PA in [14]
arises from the insufficient isolation between the antenna
and the oscillator, which would make the carrier frequency
rather sensitive to the interferers, as previously mentioned
in Section I. All the abovementioned techniques are at the
expense of introducing additional tradeoffs between system
complexity, reliability, and efficiency.

A. S-to-G Transformer-Feedback DCO-PA

The basic idea behind the DCO-PA architecture is to make
the PA self-driven for the additional purpose of generating
self-oscillation. Consequently, it can eliminate the need for a
separate PA driving circuitry necessarily, including an oscil-
lator, divider, and buffer, whose power consumption cannot
easily scale when backing off the optimal PA power levels.
This can benefit the overall TX efficiency, especially in the
low-power regime. To meet Barkhasusen’s criteria for oscil-
lation, a third coil L3 is added to produce another 180° loop
phase shift through the inverting coupling between L3 and
Ly in [14] enabling the drain-to-gate (D-to-G) transformer
feedback oscillation [see Fig. 3(a)]. The inescapable coupling
between L3 and L, characterized by k3 will expose the reso-
nance tank to the antenna leading to vulnerability to jammers
or interferers. The D-to-G feedback oscillation is replaced
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Fig. 4. (a) Proposed S-to-G transformer feedback DCO-PA. (b) Analogy to
a Colpitts oscillator. (c) Illustration of the DCO-PA’s node voltage and current
waveforms.

here by an S-to-G feedback to enhance the antenna-to-DCO
isolation, breaking the tradeoff between system efficiency and
jammer resilience performance [17].

The feedback mechanism of the S-to-G feedback oscillator
is analogous to that in a Colpitts oscillator [18]. The capac-
itive divider in the Colpitts oscillator provides the required
positive feedback, while the feedback in the proposed oscil-
lator is given by the S-to-G feedback transformer, as shown
in Fig. 4(b). In the Colpitts case, a scaling factor ncelp can be
expressed as

vG Ci+C
ey = 0=
1

As for the S-to-G transformer feedback case being distinct
from the DCO-only implementation in [18], a rather large
device is commonly used in the PA in order to lower its power
loss. Considering the device capacitance Cgg, the scaling factor
in the proposed DCO-PA is then described as

ey

UG kl kl
NDCOPA = — = — — CgsLscu2 (— - 1) 2)
g ni ni
where n; = (Ly/L,)"? is the turns ratio of transformer T}

and k; is the magnetic coupling factor. Therefore, with |Z;|
representing the tank impedance seen at source, the loop gain
can be estimated

gmlZs|
1+gm|Zs|

indicating that a smaller turns ratio n; (a larger L,/Ly) in the
S-to-G transformer-feedback oscillator is preferred to enlarge

Aloop ~ NDCOPA (3)
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npcopa. increase the Ajoep, boost v, swing, and lower the
PN. This is verified via simulation results shown in Fig. 5(a),
where L, and L, are the self-inductances of the primary and
secondary coils of 77, respectively. In the simulations, L, is
kept constant with an assumed value of 2 nH, while k; =1 is
chosen for simplicity. Neglecting the series resistance inherent
with the transformer coils, the input impedance zj, at the
gate of M;ps without C; [see Fig. 4(a)] is given by the
long formula (4), as shown at the bottom of this page, where
M = kl(LgLS)l/ 2 represents the mutual inductance between
the two coils. The imaginary part of zj, will resonate with C;
at the targeted frequency and the negative real impedance part
happens to be beneficial in compensating for the LC tank
losses. Since the second resonance of 7} is designed at 3x
of the oscillating frequency to suppress the third-harmonic
current, as will be detailed later, the effect from C is relatively
small and is further ignored to obtain a simplified expression
of zin

' Co(LgLy—M?)s+ g, (Ly Ly —M?)s*+ Lys
T O Lyt Ly—2M) 52+ g (Ly— M)s+1

It is, therefore, straightforward to obtain the real part of the
impedance zj, after some simple manipulations

gngwazk%(l - %)[1 - Cgsstz(% _kl)i]

2 2°
(1-CoLeo(h—28+1)) +g21202(1-4)
nl n L

n

5)

(6)

. ~
Zin,real ~

Obviously, 0 < k; < 1, so, 1/k; —k; > 0. Furthermore,
Cy is generally on the order of few hundreds of femtofarad
with L; at the level of nanohenry. Hence, we can presume that
the square-bracketed factor in the numerator of (6) is positive,
i.e., [1—CyLsw?(1/ky—k)l/ny] > 0. In order to provide the
negative real impedance to compensate for the losses of the
LC resonant tank, 1/n;>1 — Lg > Ly is favored, which also
coincides with the conditions for lower PN. The simulated
real part of the input impedance zi, across Lg/L; is plotted
in Fig. 5(b). From (2) and (6), it is apparent that the presence
of Cy would have a negative effect of decreasing npcopa
and ]zin,realy. Moreover, when the influence of Cg is further
disregarded, zj, proves out to be exactly the same as the
expression given in [18]. The PN equation for the generated
waveform can be straightforwardly obtained in [19, eq. (39)].

The PA is realized by transferring the power of drain oscil-
lation waveform to the antenna with an appropriate impedance
transformation ratio provided by transformer 7, in Fig. 4(a).
The overall PA efficiency is composed of two parts

1PA = NPA,T * IMN @)

where 7pa 1 indicates the PA efficiency considering only the
loss from the lone power transistor. Correspondingly, the effi-
ciency of the MN is labeled as #yn. An intuitive way to
lower the transistor’s dissipation, thus improving #pa T, is to
reduce the fraction of a cycle over which the drain voltage and

(LgLy — M?)(Cos + C)s® 4 gm(LgLy — M*)s*> 4+ Lgs

Zin:(

LgLs - Mz)cgsc254 + (Cgng + (Cgs + CZ)LS - 2MCgS)Sz + gm(LS - M)S +1 .

“)
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LC tank at the source node. (a) Equivalent model and current distribution. (b) Ratio of the tank resonant frequencies versus X-factor for different

values of kj. (c) Phasor diagram of harmonic currents and voltages. (d) Time-domain voltage and current waveforms.

drain current waveforms of the single-MOS M, pa in Fig. 4(a)
are simultaneously nonzero through properly arranging the
gate bias Vgg. The mathematical expression for #7par as a
function of the total conduction angle 2¢ described in [20] is
retrospected with first assuming a cosine drain current

®)

and then, ¢ = wpt can be solved by setting the current ip to

Zero
¢ =cos™! (— )

The average drain current Ipc from the supply is evaluated by
integrating i p over the conduction interval 2¢ and substituting
with the expression for Ipc in (9), which yields

ip = Ipc + Irpcoswpt, ip > 0

foc ©)

Irr

Ipc = %(Sinqﬁ — ¢ cosg). (10)

To gain insight into the power delivered to the load R; seen
at the drain, as well as into the PA efficiency, the fundamental
coefficient I,; for the fundamental current iy in the Fourier
expansion of ip is determined by the integral as follows:

2
In %/0 ip(¢)cos¢ dg

E(2¢> — sin2¢).
2

In a similar way, we can get the coefficient I3 for the third-
harmonic current i g3

(1)

I
Iis = —X (25in2¢ — sin 4¢). (12)
127

The L, inductive degeneration would have a detrimental effect
on #pa T since it consumes the output swing of M;ps in

the presence of vg(f) voltage across its source node [21].
Moreover, C, is added in parallel with L; to produce a
high impedance at 3w, thus obstructing the third-harmonic
current. To understand this better and to obtain a mathematical
expression for vg(t), the L;C, tank at source node is redrawn
in Fig. 6 with the corresponding phasor diagrams representing
the voltage and current waveforms at different harmonic
frequencies. It is noteworthy that the two possible modes of
oscillation in our two-port transformer-based resonator happen
at two frequencies, the same to that in the one-port case [22],
which under a high-Q assumption can be expressed as

L+ X £,/ = X)? +4kX

B T

13)

where o} = (LgCI)_l, 0} = (LyCy)7', and X = (w;/mn)>.
To find the X-factor that can secure the second impedance
peak at 3wy, the frequency ratio between the high and low
oscillation modes wy /w;, as a function of X-factor is plotted
in Fig. 6(b). The X-factor reaches the desired value of 3 at
two points for the coupling factor k; < 0.8. A moderate
ki with small X = L;C,/L,C; is expected to mitigate the
efficiency impairment caused by L;. It thus offers a good
estimation of the high resonant frequency in (13) to be
og ~ /(1 — k)2 = 1/((1 —k%)LSCg)l/2 revealing that
the effective inductance at the source is Ly ~ (1 — klz) L. For
a certain amount of drain current i p, there would be a portion
ofic, = ip- jwCy/gnm flowing through the parasitic path due
to Cg4y [23]. To maintain the same vg(¢) at the source, this is
equivalent to adding another LC tank in parallel to the L;C»
tank with a scaling jwCgs/gn such that the total admittance
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seeing into the tank is

JoCos 1 ) 1
Yiio={1+~—= )|~ + joCy + — (14)
8m JoLsge R,

where R, ~ wL;Q;, dominates the tank losses.

At fundamental frequency wp, the fundamental current
ig1 = Iy cos wy ¢t with an initial phase of zero would split into
three parts, ig,, irs, and ic2, flowing through the equivalent
RLC components in Fig. 6(a), respectively. Thereinto, vg
is marked out to be the reference as it is common to all the
three branches. Correspondingly, the current signal ig, is in-
phase to the reference vg ;, while the signals i; and ic, are
7 /2 behind and 7 /2 ahead of vg;, which are all sketched
as the black arrow lines in Fig. 6(c). In view that there is a
phase difference of = between iz, and ic,, the fundamental
current iy, which is equivalent to the phasor addition of
these three branch currents, can be obtained by applying the
parallelogram law and drawing the diagonal line between
ir,—ic, and ig,. Due to the fact that the L;C, tank resonates at
3wy, the inductive susceptance would dominate the tank at
(1/jwoLge > jwoC,) causing the lagging effect of iy with
respect to vg ;. The total tank admittance Y;; at wp can be
simplified as

1 1 ja)o
Yo~ ———+5 )+ .
gmLse/Cgs Rp JooLse ngp/CgS
Under the circumstance g,/Cg ~ wr > wo and assuming
or =awp, Y;1 can be further simplified

1 1 n 1 n 1
CO()LS (Z(l - k%) QLs ja)OLse ’
Consequently, the equivalent parallel resistance R of the
tank at wp in Fig. 6(a) can be obtained as Ry = wy Ly -
o(1 —k})Qrs/(a(1 — k}) + Ous), which is crucial for deter-
mining the swing at the source node. The angle 6 between the
resultant signal iy and the reference vg; is given by

5)

Yia

(16)

0 — tan~! Bis — B
G
1 L — woC
— tan—! % (17)
1

where G is the relevant conductance of R;. By and B¢, stand
for the corresponding susceptances.

At third-harmonic frequency 3w, where the resonance hap-
pens, the inductance and capacitance would cancel out each
other leaving the tank purely resistive with R3 3wy L Qys,
which is shown in Fig. 6(a) as the purple current iys; cir-
culating through the R path only. The corresponding voltage
signal vg 3 is identically in-phase with iy3, with zero initial
phase shown in Fig. 6(c). In addition to the high-Q tank at the
output filtering the third harmonic, the fairly high-impedance
peak Rz ~ 3wy L;Q1s at the source would lift up the knee
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voltage, thus limiting the swing of third-harmonic component
at the output.

It is then straightforward to indicate that the signal
vs.1 = Vs.1cos(wp t 4 6) has an amplitude V, =1, cosé- R,
with 0 < € < 7 /2 due to By > Bcy. Likewise, the third-
harmonic signal can be expressed as vs 3(t) = V, 3 cos(3wp 1)
with amplitude V3 = I;3 - R3. So far, we have not involved
a discussion on second-harmonic nonlinearity, but it will be
pointed out in Section II-B that the HD, component at the
output MN is suppressed through the introduced zero-shifting
capacitor C,. Without considering even higher order harmon-
ics, the source voltage is the superposition of its fundamental
and third harmonics, vs(t) = Vi1 cos(wot +0)+V; 3 cos(3awot).
When the drain current iy (f) attains its peak, the source
voltage in the direction of iy(¢) is of interest, which can
be written as Vi, = V.1 cos0 + V3.

Assuming that M;pa behaves all the time as a current
source, the output voltage will reach its maximum swing
Vi = |—1In1 - Ryg|. The negative sign means that the current
flowing into the load is inverse to the drain current. Consid-
ering the effect of Vi j,, the maximum swing

Va=1In-Rq = Vpp — Vn. (19)

From (10) and (11), it is easy to solve for the average dc
current Ipc in terms of I

sing — ¢ cos ¢

2¢ — sin2¢
Substituting the expression for Vpp from (19), the DC power
consumption can be derived as

sing — ¢ cos ¢
2¢ —sin2¢

where f is defined as the ratio between I3 and Ij,; in (12)

and (11). Together with the RF power delivered to the load

Inc=2- 1. (20)

Ppc = 2- -Ifl-(00529R1+ﬂR3+Rd) 2D

[
5 Iy - Ry
the transistor efficiency #pa r can be readily calculated from
the long formula (18), as shown at the bottom of this page,
in which the third factor stands for the efficiency drop in the
presence of the LC tank at the source and the MOS non-
linearity. When L; — 0, the third factor would vanish to one,
leaving #7pa T to be exactly the same as that of the class-C PA.
Intuitively, the denominator of the third fraction in (18)
defines the equivalent resistive loss due to L in the “direction”
of the drain load R;, although the “direction” comes from the
phase difference between the aforementioned two signals ig
and iy3 to iy;. Under numerical boundaries, when § — 0,
the “anti-phase” resistive loss reaches its maximum, raising
up the knee voltage and bringing down the efficiency. At the
other extreme of § — x/2, the Lg-induced loss reaches
its minimum. The anticipated load resistance R, is realized

Prr = (22)

1 2¢ —sin2¢

1

npa,T = - *

4 sing —¢pcosg .
1—%—(1

1) : COSZQ + 12sin2¢—sindp Jwol; Qs
+—CLs 2

(18)

2¢—sin2¢ Ry
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through the impedance transformation provided by transformer
T, upon the amount of RF output power targeted. Assuming
that a quality factor Q; = 10 applies for all the windings
in 77 and 7> in the DCO-PA circuit using a simple, but
parameterized transformer model, the maximum swing we
can reach under the 0.7-V supply is V; =~ 0.6 V, and thus,
R; =~ 1 /2de/ Prp = 180 Q, indicating that the step-down
transformer 7> should have a turns ratio n, ~ (R;/R;)"/? =~
1/2 with Ry = 50 Q representing the antenna.

Furthermore, to assure the feasibility of 7| physical imple-
mentation, Ly &~ 0.2 nH is chosen in this design to minimize
its negative impact. The exact amount of inductance seen at
M, pa source would also be affected by the coupling factor
ki between the L, and L, coils. Under a relatively large
L,/Ly = 10, the effects of different values of k; on the output
swing vp, fundamental voltage peak at source Vi, PN L(Aw),
and DCO-PA efficiency #p4 are shown in Fig. 5(c)—(d).
Conspicuously, there is a comparatively great compromise
between the total efficiency of the proposed single-MOS DCO-
PA and its PN at a moderate coupling factor k; ~ 0.5.
The corresponding time-domain node voltages and current
waveforms are shown in Fig. 6(d). As previously discussed,
C,=2.4 pF is adopted to induce the expected impedance peak
at 3wp. The physical layout pattern of 77 with a coupling factor
ki1 = 0.52 is revealed in Fig. 7(a). It consists of a series-wound
three turns on top metal (M9) as L, and a parallel stack of
two innermost turns of AP and M9 as L;. By virtue of simply
overlaying the AP layer, this contributes to diminishing the L;
inductance by 20 pH while increasing its quality factor Q.
by 1. The resultant inductances, L, ~2 nH and L;~220 pH,
are confirmed by electromagnetic (EM) simulations with their
quality factors plotted in Fig. 7(b). In addition, 7} exhibits a
self-resonant frequency (SRF) of roughly 12 GHz. By sub-
stituting the design parameters into (18), #pa v is compared
in Fig. 8 to the efficiency of an ideal class-C suggesting the
influence of source degeneration with near 30% efficiency
drop at low conduction angles. It also reveals a near 10%
efficiency difference between the two numerical boundaries
of 6. In addition, the total conduction angle 2¢ strongly
depends on the gate bias Vg and there is generally a trade-
off between the width of RF current pulse and efficiency.
At 2¢ =~ 150° #npa,r in (18) reaches its peak, as shown
in Fig. 8.

Remarkably, in contrast with the conventional PAs which
might exhibit stability issues, there is no such concern here
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Fig. 8. npa,r given in (18) by substituting the design parameters.
as the gate and source nodes of the single-MOS M, pa in this
DCO-PA are actually resonating as intended.

B. HD; Suppression Through Zero-Shifting Capacitor C,

Transfer function behavior of a general transformer-based
MN for a PA has been discussed comprehensively in [24],
including the effects of inter-winding capacitance Cio. Simi-
larly, by means of neglecting the frequency response below the
first pole w,1 = ry/Lq in T, established mainly by L, and its
equivalent series resistance r; [25], the voltage gain transfer
function G(s) can be simplified as a second-order system

1 Myry
+ QL,,)S + Ly

L)+ s+
(23)

LoCin(1-K3)s% + Lo Cureo( g
G(s) ~

LoCo(1=R3)5 + Lo Coto( g + 5

where Cyy = Cin + C., implying that the total effective
inter-winding capacitance Ci,; is composed of the intrinsic
inter-winding capacitance Cj,; and the artificially added zero-
shifting capacitor C, across the primary and secondary coils
of T,. Although the MN together with C, looks superficially
similar as that in [24], the working principle and system
response are essentially different, primarily due to the fact
that the 7, transformer in this implementation is in the non-
inverting configuration (i.e., M7, > 0). After the numerator’s
second-order polynomial is rearranged into a more standard
form N(s) = s> + 2&,w,s + a),zl it is straightforward to
derive the corner-frequency damping factor &, and the corner
frequency w, of N(s)

A B L,Cion
& =—cu(—+—) — 24)
"2\, o ngkg(l—kz)
kznz
- 25
o \/L Cor(1 — K2) \/«/L LdCtm(l—kz) )

In this form, the quadratic formula gives the zero locations as

s =—Go, = Wny/ f,% -1

With &, =& 0.05 in this design falling into the interval
0 <&, <1, we can expect that the numerator polynomial
N(s) will exhibit one complex-conjugate zero pair. Further-
more, when damping factor ¢, satisfies 0 < & < 1 /fz,

(26)



XU et al.: SINGLE-PIN ANTENNA INTERFACE RFE USING SINGLE-MOS DCO-PA AND PUSH-PULL LNA

the amplitude—frequency response of N(s) unveils a valley
(i.e., minimum value) at frequency w, = w,+/1 — 2% whose
depth is bound up with its damping factor ¢. The amplitude
of this valley is given by

1
i) | = —— — — - 2) .

H G =5 20log(261/1 = £)1dB1. (27)
Under the case &, &~ 0.05 < 1, the valley is located roughly
at w, ~ w, with approximate 20 dB roll-off. Recalling that
C, is the design-adjustable part of Cyy, (25) can certainly
be optimized to shift the valley location to w, = 2z fo,
thus suppressing the second-harmonic component. Following
a similar fashion, the damping factor &; for the denominator’s
second-order polynomial can be derived as:

fi=x (LJFL)JFL 3(1—/(2) (28)
172 O, 01, R\ C, 2y

By substituting into the same design parameters, we can thus
achieve &; ~ 0.3, indicating that G(s) involves one complex-
conjugate pole pair with a corner frequency

1

All of the main conclusions on the complex-conjugate zero
pair would pertain to the complex-conjugate pole pair apart
from its amplitude—frequency response being merely a mirror
image to that of the complex zeros. The initiated peaking effect
resides at @, ~ w, 4 ~ 4.1 GHz with a peak amplitude of
around 5 dB calculated by substituting &; =~ 0.3 into (27).
Equations (23)—(29) form a good guideline to the frequency
response of the 7, MN with respect to the locations and
amplitudes of the peak and valley originated by the zeros and
poles in the system. Circuit-level simulation results in Fig. 9(a)
verify a total of 26-dB rejection at 2 fy = 4.8 GHz at a cost
of sub-1 dB in passband loss. The proposed HD, suppres-
sion technique is fairly well contained under the expected
capacitance variations, as depicted with a zoomed-in plot
embedded in Fig. 9(a). In this implementation, for the sake of
maintaining the high-Q factor, we retain the HD, suppression
under process, voltage and temperature (PVT) variations [see
Fig. 9(b)] through tuning C,, which indirectly alters the valley
location and depth of the system response by adapting the
peaking effect at w, 4 (29) and regulating Vg that partly
compensates for the M ps threshold voltage variation. In case
an even wider frequency range would be required, the zero-
shifting capacitor C; can also be implemented with a varactor
or switched capacitors (sw-cap), which could directly alter the
valley location w, but at a cost of the reduced valley depth
and power efficiency. 2

Note that the complex-conjugate zero pair does not arise
in the absence of inter-winding capacitance (Cyy = 0).
Practically, it will be located at a fairly high frequency limited

L,C,
w
1—k?

(29)

2 A quick investigation following a well-established methodology of design-
ing an sw-cap tuning tank in a DCO for its maximum Q-factor in the ON-state
and minimum parasitic capacitance in the OFF-state reveals that a 2-bit 1.7—
3.7-pF range sw-cap will maintain Q > 39 while adding <1 pF parasitic to
ground. This ensures HD2 suppression of < —42 dBm with 4% degradation
of the DCO-PA efficiency.
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Fig. 9. (a) Simulated HD, suppression using the zero shifting C.. (b) HD;
suppression under PVT variations.

it

only by the intrinsic inter-winding capacitance Ciy from the
T, transformer. More intuitively, we name C, as the zero-
shifting capacitor, as it actually shifts the valley frequency w,,
which is extremely close to the corner frequency w, of the
complex zero pair when the damping factor &, is small. The
detailed discussion about the visible zero notch in a general
non-inverting transformer with operational loading was first
presented in [26]-[28].

III. SINGLE-PIN ANTENNA INTERFACE

Single-pin direct antenna connection with fully integrated
T/R switches is highly desired in ULP radios in order to
maximally reduce the system cost [1]. Conventional integrated
T/R switches utilize series—shunt physical switch pair (carry-
ing RF signals) in both the TX and RX modes to connect to
the antenna. This incurs high insertion loss and insufficient
isolation, which has been discussed thoroughly in [28]. There
have been continuous efforts to merge the RX mode switches
into the input MN of the LNA for high TX power tolerance
and strong RX isolation through proper high-Q resonant tank
design [29]-[31]. Similarly, the explicit series—shunt switches
can be further eliminated [1]. All those solutions are at a
cost of introducing additional LC tanks on top of the TX
MN and involving complex programmable capacitor banks to
assist with the mode switching. It would be preferable for the
T/R switching to be accomplished by re-using the TX MN
without resorting to the extra on-chip inductors/transformers,
thus switching only the minimum number of capacitors.

As formerly discussed in Section II, in the TX mode,
a step-down transformer is chosen to augment the equivalent
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TABLE I
COMPARISON WITH STATE-OF-THE-ART INTEGRATED T/R SWITCHES

Technology Frequency SW Topology IL(TX/RX) Isolation Number of Ind. / Fully-integrated
(GHz) (dB) (TX/RX)  Switchable Cap. RFIO
(dB)
[29] 90nm 24 series-shunt switches 04/02 30/16 511 No
with resonance
[30] 32nm 24 series-shunt switches 1.3/11 32/- >3/1 No
with resonance
[31] 65nm 24 series-shunt switches -/ - -/- 4/5 Yes
with resonance
1] 28nm 2.4 soft switches * -/- -/- 3/3 Yes
with resonance
This 65nm 24 soft switches * -122 30/- 1/1 Yes
work with resonance

* soft means without any explicit switches camying RF signals

impedance seen at the drain of DCO-PA in order to ensure a
lower RF power transfer to the antenna. On the other hand,
provided that the same antenna can be reused in the RX
mode, the RF signal from the antenna will then come across
a step-up transformer with a passive gain boosting. This is
precisely the scenario of time-division duplex (TDD) systems
where TX and RX paths share an antenna while operating
in the same frequency band [28]. By virtue of the proposed
single-MOS DCO-PA topology with the fully integrated solu-
tions handling the spurious emissions, the single-pin antenna
interface not only eliminates any physical transmit/receive
(T/R) switch in the signal path (in favor of using purely DC
power switches) [32] but can also manage to share the same
natural LC resonance of the transformer for the RF frequency
selection in both TX and RX modes such that only one tunable
capacitor (C,) is required to fulfill the mode switching.

To take full advantage of the passive gain boosting while
preserving good linearity [30] at low power consumption,
a push—pull topology is exploited for the LNA in the RX
mode, as shown in Fig. 10. When the DC supply switch Mrx
of Fig. 12 is toggled to ground in Fig. 11(a), the single-MOS
M, pa in the TX mode is completely cut off, turning itself into
a mere capacitive load to the RX LNA symbolized by Cp,tx
in the circuit model in Fig. 10(b). This can be compensated by
shifting C, (3-bit sw-cap bank) to a lower code, thus retaining
good frequency selectivity of 7>-based MN at 2.4 GHz, which
facilitates a more independent optimization of the TX-mode
DCO-PA and RX-mode LNA. Likewise, in the TX mode,
the parasitic capacitance of the RX input, which is rather small
compared to Cp rx, is absorbed into the implementation of C,.
High resistance due to the OFF-state of M, and M3 has a
negligible penalty on the DCO-PA. Nevertheless, the single
MOS M, pa cannot get overly large for the sake of DCO-
PA efficiency, otherwise, its OFF-state parasitic C,tx may
inadvertently break the tunability range of the switchable C,,,
ruining the RX-mode input matching. Comparison with state-
of-the-art integrated T/R switches is presented in Table I.

The RX-mode input matching is realized through the
inductive source degeneration provided by the supply/ground

o

| Cz'n; :;

| : Ll 3
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Fig. 10. (a) Transformer 75 and the LNA in the RX mode. (b) Equivalent
circuit model for LNA input matching.

bond-wire inductances Lyq to create a real part of the input
impedance, thus avoiding any additional bulky on-chip induc-
tors. Assuming a good symmetry between the PMOS and
NMOS transistors, with I, ;, flowing entirely through Ci,
the input impedance looking into the LNA from V, node
in Fig. 10(b) can be derived as

s(1-K2)Lg 2 2

+25Lyg+ +
SEbd sCos  sC¢

&myLvd

+2
Ces

i l+— s
~ s((1—k3)La+2Lpa) + 2 8my Lba
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+ sC, + Cys

— . (30
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Fig. 11. (a) Proposed single-pin antenna interface. (b) Simulated Z;; in T/R
modes. (¢) Simulated S7; Smith chart for T/R modes. (d) Simulated Si;.
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Fig. 12.  Schematic of the single-pin antenna interface RFE. Port Vg is
connected to the antenna through a bondwire in the PCB test.
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Fig. 13.  Chip micrograph of the single-pin antenna interface RFE.

Note that the effect of C, can be neglected at around wg
due to the induced zero in the RX mode, which is also
located at 2wy and confirmed by w, in (25). Deploying a
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Fig. 14. TX mode measurements. (a) Single-tone output spectrum.
(b) DCO-PA efficiency and Py versus supply voltage. (¢) DCO-PA PN under
Py = 0 dBm.

practical bond-wire inductance, Ly; &~ 0.5 nH, a real part
of the impedance z; e ~ 160 Q with g,, ~ 8.5 mS and
Cgs ~ 53 {F under the supply Vpp,ina = 0.5 V. Furthermore,
Zg.real 18 then scaled down by a factor of n% / k% when reflected
to the antenna port due to the impedance transformation of 7.
The real part of impedance looked into from the antenna port
is thus roughly 74 Q, which is quite close to the simulation
result shown in Fig. 11(b). Furthermore, the simulated Si;
and Smith chart in both T/R modes are shown in Fig. 11(c)
and 11(d). They cover the intended frequency band of interest
of 2.4-2.48 GHz with margin and validate the feasibility of
the introduced T/R switch.

The passive gain boost due to the step-up transformer is
Avuan ~ ka/na ~ ka(La/L,)"?* ~ 1.5 (3.5 dB), which
is favorable for the voltage amplification and to alleviate
noise contribution from the succeeding push—pull stage, thus
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ultimately saving consumed power [33]. The noise figure (NF)
of the cascaded lossy passive network and LNA is described
as NF, = L-NFyna in [21], while L = P;,/ Poy stands for the
power loss defined by the ratio of available powers between the
input and the output. Consequently, the expression for NF

is given as
) €1V

where R, is the source impedance, r;, and r;, represent
the series losses of the transformer coils, and the excess
noise coefficient y is assumed to be 2/3 for long-channel
transistors. Moreover, the input resistance of the push—
pull stage Ri, = Zgreal, as previously discussed. The first
term at the right-hand side of (31) is exactly the available
power gain of the transformer. Theoretically, it gives a total

RyM;* ( L8
(Rs-i-VLu)wz—i-rLd(Rs—i—er)z &m, Rin

NF, ~
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TABLE II
COMPARISON WITH STATE-OF-THE-ART 2.4-GHz LNA

Technology Frequency Supply Poc NF Gain 1IP3 FOM*
(GHz) V) (W) (dB) (dB) (dBm) (dB)

[34] 65nm 24 0.7 475 28 174 -10.7 288
[35] 40nm 24 08 30 33 14.2 -11.6 382
[35]" 40nm 24 0.18 30 5.2 14 -8.6 317
[36] 65nm 24 03 930 47 202 -20 20.7
This 65nm 24 05 174 6.8 1 -2.2 30.2
work

* FOM=101og (10ain20.1(1P3-10)/20 (1gNF /10,7 1973 )) [34] ** [35]includes two LNA designs with simulation results only

NF NF,; ~ 5.5 dB? by substituting into all the design parame-
ters at 0.5-V supply without engaging any noise cancellation
technique [34]. Device mismatches introduce a maximum
0.15-dB standard deviation on the key LNA performances
confirmed by the Monte Carlo simulation. At the slow—slow
(SS) corner, the key performance of the LNA, namely Sjj,
S$>1, and NF, degrades mainly attributing to the current drop,
which can be easily compensated by raising the power supply
a bit.

With a DC-blocking capacitor of 2 pF at the LNA output,
the simulated input second-order intercept point (IIP,) is
+42.5 dBm. Monte Carlo simulations of IIP, show a standard
deviation of 0.1 dB due to device mismatches.

A full schematic of the proposed single-pin antenna inter-
face RF front end (RFE) is shown in Fig. 12. A self-biased
replica circuitry is intended to bias the LNA in the RX
mode. A test buffer with a low-voltage gain is designed
to facilitate the measurements, especially from the system
linearity standpoint. Switching between the TX/RX modes is
realized through toggling the relevant supply switches between
Vpp and ground.

3NF, will slightly increase by 0.38 dB if the gate-induced noise is
considered.
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TABLE III

COMPARISON WITH STATE-OF-THE-ART 2.4-GHz RFE

cicc 181 JSsc' 19 1 JSSC' 14 118l JSSC' 16 113 JSSC 17 114l This work
CMOS Technology 40nm 40nm 130nm 130nm 65nm 65nm
Supply Voltage (V) 0.4 0.6100.9 1 1.2 0.3t00.7 0.3t00.7
RF band (GHz) 24 24 24 24 24 24

. Ring OSC + :
TX Architecture LC-VCO + X VCO-PA-LNA PA-VCO Function-Reuse .
(in open loop operation) Class-D PA Edggg?&? Aneﬁ co-design Stack Class-F DCO-PA Single-MOS DCO-PA
RF Power (dBm) -10 0 20 -33 -30 4.4 5 -1 5 0 20 -10 0
Power Consumption (mW)
(VCO + Divider + Buffer + PA) 127 | 422 | 0.27 1.62 1.5 7 2.58 4.46 2.04 44 0.62 0.98 48
Efficiency (%) 8 23.7 37 28.9 0.07 5.2 12.2 17.9 15.5 226 1.6 102 | 20.8
Active Area (mm?) 0.35 0.0166 0.5 0.2 0.39 0.17
521 - -42.5 | -48.5 -50 / 47 -43.2 | -47.6 -44.4 | -50.2
HD2/HDS3 (dBm) @ Pou @ 0dBm @ 0dBm *** N/A @ 0dBm @ 0dBm @ 0dBm
VCO Phase Noise (dBc/Hz) @ 193 * % -125 -129 -125 -126 @ 0dBm
2.5 MHz / RF power ) ) @ -4.4dBm @ -1dBm @ 6dBm -108 @ -20dBm
VCO Frequency Range (GHz) 2325 24-25 2.2-2.488 2.26-2.58 2.376-2.408 2225
. -73.5

TX_FOM * (dBm) @ 0dBm -15.7 - - @-1dBm -66.7 67.6
5MHz jammer Image Spur R
(dBm) @ -30dBm interferer NIA N/A N/A NIA 13 4
Max P Variation (dB) under 2.1dB 1.1dB
VSWR=15:1@ Poy NiA N/A N/A NiA @ 6dBm @ 0dBm
VCO-PAcefficiency (%) under 14 t0 27.5 16 to 24.5
VSWR=15: 1@ Poy N/A N/A N/A N/A @ 60Bm @ 0dBm
No. of external components 2 2 0 2 1 0 ***
Integrated T/R Switch No No Yes No No Yes
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* TX_FOM =HD2 + 10log(PDC) [12] ** Nommalized from 2X canier frequency *** DPA operated in saturation region under 1.2V supply **** Bondwire utilized for input matching in RX mode

IV. EXPERIMENTAL RESULTS

The RFE chip is fabricated in 65-nm standard CMOS,
occupying a compact active area of 0.17 mm?, as shown in
the die photograph in Fig. 13. Measurement results of the
introduced RFE in the TX mode are summarized in Fig. 14.
The single-MOS DCO-PA achieves 20.8% total power effi-
ciency at 0-dBm RF output and 0.7-V supply. The measured
HD; emission, shown in Fig. 14(a) when delivering a single
tone at 0 dBm, is less than —44 dBm, which verifies the
effectiveness of the zero-shifting capacitor C,. A relatively
high efficiency of 10.2% is retained at 10-dB large power
back-off by scaling the supply in the TX mode to 0.3 V,
which is confirmed by Fig. 14(b). The measured PN of the
DCO-PA is plotted in Fig. 14(c). At 0.7-V supply, it reaches
—126.4 dBc/Hz at a 2.5-MHz offset from the 2.4-GHz carrier.
The DCO-PA covers a frequency tuning range from 2.2 to
2.5 GHz, leaving enough margin to cover the targeted fre-
quency band of interest in the case of process variations. The
DCO-PA stability over antenna impedance variations is mea-
sured under VSWR = 1.5:1 and captured in Fig. 15. It shows
a maximum 1.1-dB P, variation when delivering 0-dBm RF
power.

Resilience to jammers is validated in the same manner as
in [14] by means of connecting the signal generator, DCO-PA
output, and spectrum analyzer to a three-port circulator, which
allows the signal to travel in the direction of signal generator
— DCO-PA output pin — spectrum analyzer. The scenario
of applying a —30-dBm interferer at Af = 5 MHz offset
frequency from the 2.4-GHz carrier is sketched in Fig. 16(a)
showing a jammer image spur at —41 dBm, which is 28 dB
better (lower) than that in [14], which barely provides any
isolation between the antenna and oscillator. The single-
MOS DCO-PA is so robust that can hardly get injection-
locked by the interferers even as strong as 0 dBm, shown
as the blue curve in Fig. 16(b). Jammers at large offsets of
Af =10,100 MHz from the carrier are also captured in the
same plot.

When switching from the DCO-PA output pin to the LNA
input, the measured key LNA performance metrics are shown
in Fig. 17. At a 0.5-V supply, the LNA exhibits S>; = 11 dB
with §;; < —20 dB, consuming only 174-uW power. The
corresponding NF is 6.8 dB within which the test buffer
contributes roughly 0.2 dB as per simulations. The worsened
NF versus the calculation in (31) may stem from the degraded



2066

Q-factor of the transformer in which the passive devices
and wires are put right underneath and which could not
be modeled in the EM simulation. The LNA performance
under lower (0.45-V) or higher (0.6-V) supplies are also
captured in Fig. 17(a) and (b) with 90- and 540-u'W power
consumption, respectively. The two-tone test is applied to
measure I1P3, as explained in Fig. 17(c) and (d). The power for
fundamental tone and output inter-modulation (IM) products
is captured from the spectrum analyzer and then extrapolated
over increasing the fundamental tone amplitude, yielding an
excellent [IP; = —2.23 dBm. Furthermore, the 1-dB compres-
sion point of the LNA is measured at —13.6 dBm. Table II
compares it with state-of-the-art LNAs.

The DCO-PA performance is summarized in Table III and
favorably compares with state-of-the-art 2.4-GHz TXs. To the
best of our knowledge, the presented single-MOS DCO-PA
architecture is the first fully integrated single-ended solution
with competitive carrier PN and power efficiency, especially at
low power modes while simultaneously handling the harmonic
emissions and easy switching to the RX LNA. Even the most
recent contender [7], which uses a ring-oscillator-based edge-
combining frequency generation TX, no longer shows the
power efficiency advantage at lower (—20 dBm) RF power,
especially given that only drain efficiency is reported there
with off-chip matching and filtering. In addition, the proposed
single-MOS DCO-PA outperforms it at least 18 dB in terms
of PN performance. The deep HD, rejection is achieved
(< —44 dBm) without resorting to complex circuitry, external
filtering, or calibration and with insignificant degradation in
power efficiency.

V. CONCLUSION

A simple RFE with a fully integrated MN for 2.4-GHz
TDD radios is introduced in this article. It features a function-
reuse single-MOS DCO-PA with full Vpp utilization while
improving antenna-to-DCO isolation for better resilience to
interferers. The second-harmonic emission is deeply sup-
pressed by a zero-shifting capacitor that crosses over the non-
inverting matching transformer. This not only allows sharing
the same antenna pin with the RX but also provides passive-
gain boosting to the push—pull LNA.
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