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1
GAIN-BOOSTED N-PATH BANDPASS FILTER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a bandpass filter, especially
relates to a gain-boosted N-path switched-capacitor (SC)
bandpass filter.

2. Description of the Prior Art

The demand of highly-integrated multi-band transceivers
has driven the development of blocker-tolerant software-de-
fined radios that can avoid the cost (and loss) of the baluns and
SAW filters. The passive-mixer-first receivers achieve a high
out-of-band (OB) linearity (IIP3=+25 dBm) by eliminating
the forefront low-noise amplifier (LNA). However, in the
absence of RF gain, a considerable amount of power is
entailed for the local oscillator (LLO) to drive up the mixers
that must be essentially large (i.e., small on-resistance, Rsw)
for an affordable noise figure (NF<5 dB). The noise-cancel-
ling receiver breaks such a NF-linearity tradeoff, by noise-
cancelling the main path via a high-gain auxiliary path, result-
ing in better NF (1.9 dB). However, due to the wideband
nature of all RF nodes, the passive mixers of the auxiliary path
should still be large enough for a small Rsw (10 Q) such that
the linearity is upheld (IIP3=+13.5 dBm). Indeed, it would be
more effective to perform filtering at the antenna port.

An N-path switched-capacitor (SC) branch applied at the
antenna port corresponds to direct filtering that enhances OB
linearity, although the sharpness and ultimate rejection are
limited by the capacitor size and non-zero Rsw that are tight
tradeoffs with the area and L.O power, respectively. Repeat-
edly adopting such filters at different RF nodes can raise the
filtering order, but at the expense of power and area.

Active-feedback frequency translation loop is another
technique to enhance the area efficiency (0.06 mm2), narrow-
ing RF bandwidth via signal cancellation, instead of increas-
ing any RC time-constant. Still, the add-on circuitry (ampli-
fiers and mixers) penalizes the power (62 mW) and NF (>7
dB). At the expense of more LO power and noise, the output
voltages can be extracted from the capacitors via another set
of switches, avoiding the effects of R, on the ultimate rejec-
tion, but the problem of area remains unsolved.

SUMMARY OF THE INVENTION

In view of the deficiencies of the prior-art techniques, the
object of the present invention is to provide a gain-boosted
n-path bandpass filter so as to provide a much smaller capaci-
tors for a given bandwidth.

According the one object of the present invention, provides
a gain-boosted n-path bandpass filter, comprising: a transcon-
ductance amplifier; a node one, connected to an input of the
transconductance amplifier; a node two, connected to an out-
put of the transconductance amplifier; and a n-path sc branch,
connected between the node one and the node two and par-
allel to the transconductance amplifier; wherein the n-path sc
branch comprises a plurality of switches and capacitors con-
nected in series.

According to one aspect of the present invention, the n-path
sc branch is driven by the switches.

According to another aspect of the present invention, when
the state of the switches is ON, an in-phase voltage of the
transconductance amplifier will appear on top plates of the
capacitors, and induce an amplified anti-phase voltage into
bottom plates of the capacitors.
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According to another aspect of the present invention, when
the state of the switch is OFF, the amplified anti-phase voltage
will be stored in the capacitors.

Inview of the above, the present invention may have one or
more of the following advantages:

1. The present invention have tunability of center fre-
quency, passband gain and bandwidth without affecting the
input-impedance matching.

2. The present invention have lower LO power as the pitfall
of'big R,,, that can be leveraged by other design freedoms.

3. The present invention have much smaller capacitors for
a given bandwidth thanks to the gain-boosting effects.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following, the invention will be described in greater
detail by means of preferred embodiments and with reference
to the attached drawings, in which

FIG. 1(a) illustrates a gain-boosted N-path SC bandpass
filter (GB-BPF);

FIG. 1(b) illustrates a timing diagram of an N-phase non-
overlapped LO in FIG. 1(a);

FIG. 1(c) illustrates a internal circuit diagram of the
transconductance amplifier in the FIG. 1(a);

FIG. 1(d) illustrates a equivalent RL.C circuit of the GB-
BPF in FIG. 1(a) with the LC resonant tunable by the L.O,
wherein Rsw is the mixer switch’s on-resistance;

FIG. 1(e) illustrates the tunable resonance at V, in FIG.
1(a);

FIG. 1(f) illustrates the tunable resonance at VvV, in FIG. 1(a)

FIG. 2(a) illustrates a simulated gain at Vi in FIGS. 1(a)
and (d);

FIG. 2(b) illustrates a simulated gain at Vo in FIGS. 1(a)
and (d);

FIG. 2(c¢) illustrates how gm and RF1 tune the in-band gain
and bandwidth while keeping the in-band S11 well below —20
dB.

FIG. 3(a) illustrates a simulated gain at Vi in FIGS. 1(a)
and (d) under Rsw=10, 30 and 50 Q;

FIG. 3(b) illustrates a simulated gain at Vo in FIGS. 1(a)
and (d) under Rsw=10, 30 and 50 Q;

FIG. 4 illustrates time intervals for the state-space analysis;

FIG. 5(a) illustrates a comparison between the simulation
and the analytic derived model using equations (21)-(22): the
gain at Vi, wherein the parameters are Rsw=10 2, RL=80
QQ, RS=50 =, Ci=5 pF, gm=100 mS, RF1=500 Q, fs=1 GHz
and N=4;

FIG. 5(b) illustrates a comparison between the simulation
and the analytic derived model using eqs. (21)-(22): the gain
at Vo, wherein the parameters are Rsw=10 2, RL=80 €,
RS=50 Q, Ci=5 pF, gm=100 mS, RF1=500 Q, fs=1 GHz and
N=4;

FIG. 6(a) illustrates simulated responses under N=4 and
N=8: the gain at Vi, wherein the responses are consistent with
eq. (17);

FIG. 6(b) illustrates simulated responses under N=4 and
N=8: the gain at Vo, wherein the responses are consistent with
eq. (17);

FIG. 7(a) illustrates a simulated harmonic folding effects
under N=4: the gain at Vi, wherein the responses are consis-
tent with eq. (16);

FIG. 7(b) illustrates a simulated harmonic folding effects
under N=4: the gain at Vo, wherein the responses are consis-
tent with eq. (16);

FIG. 8(a) illustrates a simulated harmonic folding gain
(normalized) under N=4 at Vi;
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FIG. 8(b) illustrates a simulated harmonic folding gain
(normalized) under N=4 at Vo;

FIG. 9 illustrates an equivalent noise model of the GB-
BPF;

FIG. 10(a) illustrates a simulated output noise power atV,
dueto Rgand G,,, wherein the results are consistent with egs.
(23), (25) and (27), and wherein the parameters are Rsw=30
Q, RL=80 ©, RS=50 Q, Ci=5 pF, gm=100 mS, RF1=500 Q,
fs 1 GHz, N=4, Vn =4k TRsw=4.968x10-19 (V2/Hz),

Vg 5 V, 22=4kTRs=8.28x10-19 (V2/Hz) and

ngm- =K T/gm=1.656x10-19 (V2/Hz);

FIG. 10(b) illustrates a simulated output noise power at Vo
due to RSW, wherein the results are consistent with egs. (23),
(25) and (27), wherein the output noise power V 2(Hy(jm))
with notch shape of Rsw is plotted using eq. (25) Part A and
wherein the parameters are Rsw=30 Q, RL=80 Q, RS=50 Q,
Ci 5 pF, gm=100 mS, RF1=500 Q, fs=1 GHz, N=4,

V 0w =4k TRsw=4.968x10-19 (V2/Hz),

,, e =4kTRs=8.28x10-19 (V2/Hz) and

2 =4kT/gm=1.656x10-19 (V2/Hz),

FIGS 10(¢) and (d) illustrates the harmonic folding parts

V_2(H,,(jw)) and V 2(H,4(jo)) using eq. (25) Part B, wherein
the parameters are Rsw=30 Q, R[L=80 €2, RS=50 , Ci=5 pF,

gm=100 mS, RF1=500 Q, fs=1 GHz, N=4,
“WZ 4KTRsw—4.968x10-19 (V2/Hz),
V2 =4kTRs=8.28x10-19 (V2/Hz) and

V. gn” =4k T/gm=1.656x10-19 (V2/Hz);

FIG. 11(a) illustrates an intuitive equivalent circuit of the
GB-BPF: a typical G,,;

FIG. 11(b) illustrates an intuitive equivalent circuit of the
GB-BPF: a non-ideal Gm with parasitic capacitances Cin, Co
and Cf;

FIG. 12(a) illustrates a simulation comparison of FIGS.
1(a) and 11(a): the gain at Vi, wherein the parameters are
Rsw=30 Q, RL=80 Q, RS=50 2, Ci=5 pF, gm=100 mS,
RF1=500 Q, flL.o=1 GHz and N=4,

FIG. 12(b) illustrates a simulation comparison of FIGS.
1(a) and 11(a): the gain at Vo, wherein the parameters are
Rsw=30 Q, RL=80 Q, RS=50 2, Ci=5 pF, gm=100 mS,
RF1=500 Q, flL.o=1 GHz and N=4,

FIG. 13(a) illustrates a simulation comparison of FIGS.
1(a) and 11(a): the gain at Vi, wherein the parameters are the
same as FIG. 12, with the additional Cin=1 pF, Co=1 pF and
Cf=500 {F;

FIG. 13(b) illustrates a simulation comparison of FIGS.
1(a) and 11(a): the gain at Vo, wherein the parameters are the
same as FIG. 12, with the additional Cin=1 pF, Co=1 pF and
Cf=500 {F;

FIG. 14(a) illustrates a simulated voltage gain and S11
with different fs showing the LO-defined bandpass responses;

FIG. 14(4) illustrates a simulated NF versus input RF fre-
quency; and

FIG. 14(c) illustrates a IB and OB IIP3.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

1. GB-BPF using an Ideal RL.C Model

The proposed GB-BPF is depicted in FIG. 1(a). It features
atransconductance amplifier (G,,) 14 in the forward path, and
an N-path SC branch 10 driven by an N-phase non-over-
lapped LO in the feedback path. When one of the switches is
ON, an in-phase RF voltage V- will appear on the top plate
of capacitor C,, and induces an amplified anti-phase voltage
into its bottom plate. When the switch is OFF, the amplified
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version of V. will be stored in C,. There are three observa-
tions: 1) similar to the well-known capacitor-multiplying
technique (i.e., Miller effect) in amplifiers, the effective
capacitance of C, at the input node V, will be boosted by the
loop gain created by G,, 14, while it is still C, at the output
node V. This feature, to be described later, reduces the
required C, when comparing it with the traditional passive
N-path filter. 2) For the in-band signal, the voltages sampled
atall C, are in-phase summed atV, and V , after acomplete LO
switching period (T,) (shown in FIG. 1(4)), while the OB
blockers are cancelled to each other, resulting in double fil-
tering at two RF nodes in one step. 3) As the switches are
located in the feedback path, their effects to the OB rejection
should be reduced when comparing it with the passive N-path
filter.

Referring now to FIG. 1(c) together with FIG. 1(a), for
simplicity, G,, 14 is assumed as an inverter amplifier with an
effective transconductance of g ,,,. It is self-biased by the resis-
tor R, and has a finite output resistance explicitly modeled as
R;. The parasitic effects will be discussed in Section II-C.
With both passband gain and resistive input impedance, the
GB-BPF can be directly connected to the antenna port for
matching with the source impedance R;. Referring now to
FIG. 1(d) together with FIG. 1(a), around the switching fre-
quency (w,), the N-path SC branch 10 is modeled as an
R,-L,-C,, parallel network in series with R,,,, where L, is a
function of w, and will resonate with C, at , [FIG. 1(d)]. The
expressions of R , [, and C,, will be derived in Section II-C.
Here, the filtering behavior and -3-dB bandwidth at V,andV
will be analyzed.

A.RF Filteringat V,and V

With V. centered at frequency {z~f,=w/2m, L, and C,
are resonated out, yielding an input resistance R, 5 5 that can
be sized to match R for the in-band signal,

(Rp + Ry,) // Rey + Ry,

R; = = Rqs.
ilefs 1+ gnRs s

®

For the OB blockers located at T =1 *AT,, either [, or C,

will become a short circuit when Af, is large enough,

(Rgy I/ RF1) + Ry, 2)
Riefgenf, = BT
-
Ry, + Ry, Ry, N 1
T L1+guRL gmRL 8w

where R, >>R  and g, R;>>1 are applied and reasonable
to simplify (2). To achieve stronger rejection of OB blockers
atV,, a small Rlg -, ., 18 expected Unlike the traditional
passive N-path filter where the OB rejection is limited by R,
this work can leverage it with three degrees of freedom: g,
R; andR,, . Asa GB-BPF atthe forefront of areceiver, a large
g,, 1s important to lower the NF of itself and its subsequent
circuits. As an example, with g, =100 mS, the product of
g,,.R; can reach 8 V/V with R;=80 Q. Thus, if R, =20 Q is
assumed weobtain Rl 5 -, ,~12.5 €2, whichis only 62.5% of
- 1fg,, s doubled (1 e., more power) while maintaining the
same 2R Rilgrens 18 reduced to 7.5 €. Another way to
trade the OB rejection with power is to adopt a multi-stage
amplifier as G,,, which can potentially decouple the limited
g..R;-product of a single-stage amplifier in nanoscale
CMOS.
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OB filtering not only happens at V,, but also V. Hence,
with one set of switches, double filtering is achieved in this
work, leading to higher power and area efficiency than the
traditional cascade design (i.e., two SC branches separately
applied for V, and V). Likewise, the gain at V, at the reso-
nance can be found as,

Yo

Ri(1—gnRr)  Rp(l—gmRr)
Avology = Ver x

T 2RI+ gaR0) 2RsgmRyL

where R,=Rz//(R+R,) and g, R, >>1 are applied. In terms
of stability, (3) should be negative or zero, ie., g,R=1.
Similarly, the gain at V, at {#Af| is derived when L, or C,, is
considered as a short circuit,

Vo
Var |00 =

1 = gmRsy )

Rs  Rgw’
1+ guRs+ — +—
Emits TR

Interestingly, if g, R,,,=1, the OB filtering is infinite. This
is possible because the feedback network is frequency selec-
tive, implying that the in-band signal and OB blockers can see
different feedback factors. This fact differentiates this circuit
from the traditional resistive-feedback wideband LNAs that
cannot help to reject the OB blockers.

To exemplify, the circuit of FIG. 1(a) is simulated for N=4,
using PSS and PAC analyses in SpectreRF. The parameters
are: R, =20 Q, R,;=80 Q, R~=50 Q, C;=5 pF and =1 GHz.
As expected, higher selectivity at V, [FIG. 2(a)] and V,, [FIG.
2(b)] can be observed when g,,, (100 to 800 mS) and R, (500
to 8 kQ) are concurrently raised, while preserving the in-band
S,,<-20 dB. [FIG. 2(c)]. Alternatively, when R, goes up
from 10 to 50 €, with other parameters unchanged, it can be
observed that the influence of R, to the OB rejection is
relaxed at both V, [FIG. 3(a)] and V,, [FIG. 3()], being well-
consistent with (2) and (4). When R, =10 Q, a much stronger
OB rejection is due to g, R, =1 in (4).

B. -3-dB Bandwidth at V, and V

At frequency {5 =f,, we can write

i 1/2
Vo 17571

when R,=R_. The -3-dB bandwidth is calculated by consid-
ering that the L,C,, tank only helps shifting the centre fre-
quency of the circuit from DC to f, keeping the same band-
width as it is without L,,. If R, is neglected and the Miller
approximation is applied, the -3-dB passband bandwidth
(2Af,; 45) at'V, can be derived,

1 (5)
2A fizap = RO Ci = (1+A,)Cp,

where

V, Ri(1 — gnR
C L —gmRr)

Vi 7 Rs(l+gnRp)’
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Obviously, C,, is boosted by a gain factor A,,, which should
be 15 to 20 dB in practice. Thus, a large A , can be used to
improve the area efficiency, consistent with the desire of
higher selectivity OB filtering, as shown in FIGS. 2(a) and
(b). Passive N-path filters do not exhibit this advantageous
property and the derived C  is also different. In Section II-D,
an intuitive eqivalent circuit model of FIG. 1(a) will be given
for a more complete comparison with the traditional archi-
tecture.

AtV _, the -3-dB passband bandwidth (2Af_; ;) can be
derived next, assuming R, =0 for simplicity. The gain from
VirtoV, at frequency £ ~-Af . - is given by,

Al _ Vo _ Ri(l-gaZp) ©)
v @SN T Ve T 2Rs(L + gmR1)
where
Zr = jLyg /| Rpi I/ R, and M
ws = Awosa
Lar = zAwo_“)dB v
wS
From the definition of -3-dB passband bandwidth,
Avo 1-g.R 3
Aol 11-g FPl_ﬁ’ 8

[Avole fy-0,5q5) 11— &mZrl

where

A

g

is the voltage gain at the resonant frequency, while R . ,=R -,//
R . Substituting (6)-(7) into (8), (9) is obtained after simpli-
fication,

9
\ &4 REp = 2gmRep — 1 X Rpp ©)

Loy = =
¥ gnRrp—1

Rrp.

Substituting (9) into (7), Aw,_; 4z becomes,

A w? w? 1 1 (10)
Wo3dp = 72£ o ~ zl”;ff = —ZLg[pr = —ZRFPCp.
L, * L,

Finally, 2Af ; ;5 at V, can be approximated as,

1

2A fo3dplev, = TRerCL
»

C. Derivation of the R,-L-C, Model using the LPTV
Analysis

The GB-BPF [FIG. 1(a)] can be classified as a LPTV
system. This section derives the R ,-L -C,, model of the gain-
boosted N-path SC branch. The voltage on the SC branch is
defined as V,(jo),
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&= (1D
Vei(jw) = Z Hy, pr(jw)Vee(jlow — nws)).

n=—oo

Here n indicates a harmonic number of f,, and H,, z-(jw) is
the n” harmonic transfer function associated with the fre-
quency nf,. With V_(jw), the voltages at V,(jw) and V_(jw)
can be related to the input RF signal V(jo),

. L Ry . 12)
Vilj) = Vir (o)~ (B ot + Hore(jo)) +
YV Rs

Vide

D Hure(e)Vie (il = nwy)
n=—oco,n#0

= | =

v;

iun

and
R (13)
Rpy RL(l = gmRow + R—Z)
Vo(jw) = x
M= Rer+ Row + (Res + Ry)(Ry + gnRLRs + R
Vode
) Ho rr(jo)Vrr(jo)(1 + guRy)
Vrr(jw) — R -
(1= gmRon + 22
Rp)
Vo,de
RpiR(1 + gnR) "
Rp1 + Rsw + (Rpy + Ry )(Rs + gmRLRs + Rp)
Voun
D Hure(eo)Vae (e - nw,)).
n=toom#0
Vo
where
Raw Raw  Raw
=1l—-gnRy+—,8=1+ +
@ EmRow + 2= B A
and

¥ = w+ﬁ(2—§ +ngL).

Egs. (12) and (13) can be divided into two parts: 1) the
desired frequency selectivity (i.e., V, 4 and V, ;) that pro-
vides filtering without frequency translation at the desired
input frequency, and 2) the undesired harmonic folding com-
ponents that might fall in the desired band (ie., V,,, and

o ll}’l)'

To find H,, z-(jw), a state-space analysis is conducted. The
timing diagram for the analysis is shown in FIG. 4. The timing
interval nT <t<nT +T, is divided into M portions (M is the
number of the states) and each portion, identified by k, can be
represented as nT,+0,<t<nT +0,,,, k=0, ..., M-1 and 0,=0.
During each interval there is no change in the state of the

8

switches, and the network can be considered as a L'TT system.
During the k interval, linear analysis applied to FIG. 1(a)
reveals that the switch on interval k has the following state-
space description,

5
Cidues(0) vl —vo(D) _ vol) 14
— F —Rm R +&mvi(1)
vrr(D) —vi(D)  v,(1)
10 T‘ = ;—L + gmui(D)
Cidue,(0)
Uit) = vei(0) + o) + Ry — 7 .
13
15 From (14), we obtain
dvg@) _ vre®)  vel) (15)
20 dt CR ~ CRy’
where
25
L+ Ryw R+ Rs  RyRs Ret gmRowRs
N
R = Rr1 Ry Rr R, i Rpy
1
—+
R, Hen
30 14 B RovtRs RoRs o, &nRoufs
R = Re Ry Re R s Re
2 I 1 Rs  guRs
Rei R RmR.  Rp
35
By applying the state-space analysis for the circuit in FIG.
1(a), the harmonic transfer function can be derived as,
40 Mol (16)
Hope (o) = ) € 9m H o)
m=0
Hy(jw) =
45 g g estn ] pHemnesXTs—tminsT
— - - Gljw) fs
Wre,a + O J2mn Wy 4 + o
where
50
H W nwsltm _ o Wro, ATm 1
CU0) = s — g @ren™ ™ Gren L Jew—nws)
55 Wre,B Wre,B

o, ~1/R,C,andw,_ z=1/R,C,. Theabove H,, ,(jw)isunde-

fined for n=0, and, for this value, (16) will be defined by the
60 limit when n tends to zero, implying that,

Wrep 1 — U Ts—Tm) (17

G(j N
Wre,p + j elfe

Horr(jw) = YT
re,

65

where
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e/Tm _ g~ Wre,ATm 1

G(jw) =

. — x —.
efrulws — T Wre, AT T Wy 4 Jw

Wre B Wre,B

To find R ,, Hy zx(joo) is calculated at o=nf, with 0 >>w,,. ,,

®,, 5, yielding,

2N(1 —cos2anD)  wycp (18)

AD(nr)?

Ho,pr(jnws) = o
e, A

where D=1/N is the duty cycle of the LO. Furthermore, (18)
is similar to (15), except for the added term w,,. z/®,,. ;.

It n=1, N=4 and D=0.25, for a 25%-duty-cycle 4-path L.O,
(18) becomes,

_ 8 R (19)
Ho,pr(jwy) = z R_f

Assuming that L, is resonant with C,, at w,, it implies,

Vi = Horr(Jw)Ver = Vo _ Horr (joo ) Vrr (20)
Ry, R,
Vi— Hopr(jo)Ver =V, Vi-V, Vo
+ =gnVi+ o
Rsw Rr1 RL
Ver —V; Vo
=gnVi+ .
A gnVit &
Solving (20), it leads to the desired R ,,
R = 17Ho g s
P 7 (RiRp  Hogr Ry, Rpy ’
———+ —— [l + = +gmRe| - Horr + —
( R, Row )( R, 8m L) ( O,RF R, )Ti
where
R + ! + !
L=
R Rrp Rew
11 RiReL
=—+ —gm+ —— + gmRLRFr.
n Row | Rmp 8m R, EmRLAFL

Finally, placing the pole around w, in (17), with a value
equal to the poles of the transfer function from Vg to V¢, of
FIG. 1(d), it will lead to the expressions of C, and L,,,

o ¥ R, @21
P 2Dwye a1 Ry

I nR, (22)
P D ayr + Rp) = (D20}, 4 - @21 R,Cp

where
1 1 wlﬁlwa

¥=—F— g Y = ———————

"R, Rm m 1 Bi—1-a1BiRg,
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-continued
1 1 1 a1 R
_ Pt
RL(L + gmRs)

b —
Rgw
1
R +8m
From (21)-(22), C,, is irrelevant to the LO frequency w,,
while Lf is tunable with w,. Moreover, the term Dw,.. (v, +
R,)-(D w,,, o2y 1\R,C,, in the denominator of (22) ren-
ders that the I //C, resonant frequency shifts slightly away
from the center frequency w,. For

is obtained and will resonate out with C, at w,. Then, the
frequency responses can be plotted using the derived expres-
sions, and compared with the simulated curves of FIGS. 5(a)
and (b); showing a good fitting around w, and confirming the
previous analysis. The small discrepancy arises from the
approximation that L, will resonate out with C,, at m, when
deriving R, in (20). This effect is smaller at V, than at V ,, due
to the gain of the GB-BPF.

II. Harmonic Selectivity, Harmonic Folding and
Noise

A. Harmonic Selectivity and Harmonic Folding

Using the harmonic selectivity function Hy z(jm) from
(18), the relative harmonic selectivity is calculated by com-
bining (13) and (18) for V, and V. For example, when N=4,

Ry
1 — — % — xConstant
Volws) 7 R i
v B 8 R T
olnes) - x ~2 x Constant
(nm)? " Ry

which matches with the 4-path passive mixer. Likewise, using
(12) and (18), the harmonic selectivity at V, is derived as,

8
Vilw) RL+7?><RF1 .
Vi) 8 '
Ry, + — XR
L . F1

Obviously, the harmonic selectivity at V, is smaller than that
at'V,_ with the design parameters used here.

The above analysis has ignored the even-order harmonic
selectivity which should be considered in single-ended
designs. The harmonic selectivity for N=4 and N=8 with a
fixed total value of capacitance and g, R =1 are shown in
FIGS. 6(a) and 6(b), respectively. For N=4, V_ (3w )/V (w,)
=18.67 dB and V,Bw,)/V,(w,)=7.6 dB, close to the above
analysis. Moreover, the relative harmonic selectivity can be
decreased by raising N. Furthermore, as derived in (4),
g,R,,,=1 results in a stronger OB attenuation at far out fre-
quencies that are irrelevant to N. Finally, the bandwidth at V,
and V,_ can be kept constant if the total amount of capacitors
is fixed under different N. This will be quite explicit when the
equivalent circuit will be presented later in Section II-C.

For N=4, the simulated harmonic folding at V, and V_ are
shown in FIGS. 7(a) and (), respectively, which obey well
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(12), (13) and (16) (not plotted). Similar to the N-path passive
mixers, the input frequencies around k(N+1){f, will be folded
onto the desired frequency around f,. The strongest folding
term is from 3f, when k=1, and will become smaller if k
(integer number) is increased. The relative harmonic folding
AHF=20 log[V, ,.(j®w)]-20 log[V, ,(jw)] and AHF ,=20 log
[Voue()]-20 log[V, . (Gw)] are plotted in FIGS. 8(a) and
(b), respectively. The relative harmonic folding is smaller at
V,thanatV , which is preferable because harmonic folding at
V, cannot be filtered.

B. Noise

The output noises under consideration are the thermal
noises from R, R, and G,,. Since the power spectral density
(PSD) of these noise sources are wideband, harmonic folding
noise should be considered. The model to derive those noise
transfer functions is shown in FIG. 9.

To calculate the noise from R toV_ (13) needs to be revised
in order to obtain,

2 @23

R
Rpy RL(l —gmRsw + R:: )

ReiRsw + (Re1 + Row)(Rs + gmRLRs + Rp)
Part A

X

2 —
Vn,our,RS =

Ho gp(jw)(1 + gnRy)|*

(1 — gmRsw + 11:—::)

[Vorsjo?[ % |1 -

Part A
R RL(L + gmRs) 2
ReiRsw + (Rr1 + Row)(Rs + gmRiRs + Ry)
Part B

oo

D Huge (Vs (il = o).

n="con#0

Part B

In (23), Part A is the output noise PSD due to R, without
frequency translation, while Part B is due to harmonic fold-
ing. Similarly, linear analysis of v, _ (1) results in the state-
space description,

HsW

@4

dvg (D) Vpel)  ve(D)
dr  CR CiR,

where

—(l +asR,

R, = M, Ry = -Ry,
@
( 1 1 Ry, ngL]
— 4+
_\Rpi  Rs  RpRs  Rp

a =

(1 + gmRr + %)

with a minus sign in R;. Combining (24) with (16) and (17),
the output noise PSD transfer function of R,,, from V,, _,, to
Vv, lie, H,, (jo)] and its harmonic folding [i.e., H,, ,,(jo)]
can be derived, leading to the final output noise of PSDto V,

expressed as,
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7 Vs (Geo) 211 + Ho o) (25)
Vn,our,xw = > +
Ry Rey  Rey  RaRs )|
2R v2RL  Rr1  v2RiRey
Part A
Hy s je) Vo sl jow = jnws) 2
_Rs 0 Rew  Rew  ReRs
e R, v2RL  Re1  v2RiRpy
Part B
where
y=l4g, R,

In (25), Part A is the noise transfer function without harmonic
folding, while Part B corresponds to the harmonic folding.
Similarly, linear analysis of v, __(t) has the state-space
description

n,gm

Aveilt) _ vnsolD)  veil) (26)
dr ~ GR, CiR,
where
o3+ — o3 + Rs
3 o 3 o
R = Ry s Ry = Ry
asys3

R
@3z + s R = 738mRs
R
: +1)
Rr1

Rs
a3RLRF

&
a3 =1+guRs, B3 = w—':(

1 1 guRs

R Rer

Y3 = @Ry

From (26) together with (16) and (17), the output noise PSD

transfer function of G,, stage from 'V, ,, to V, [i.e., Hy,

(jw)] and its harmonic folding [i.e., H,, ., (jw)] can be derived.
Finally, the output noise PSD to V_ is,

) Hogn |? @n
B Vosgm (o) (g + Hogmgm + —om
7 Rs
Vn,our,gm = 2 +
—+—+
RTER T

Part A

Hygm (j) Vi, gm (j© — jnws)
Sm I 1

The simulated output noises at V,, due to v, z(t) and v, ,,(1)
are shown in FIG. 10(a), whereas FIGS. 10(4) and (c) show
the output noise due to v,, ,,(t) and its key harmonic folding
terms, respectively. Similar to the signal transfer function, the
output noises from R and G,, are alike a comb, and can be
considered as narrowband around nw,. Unlike the traditional
wideband LNAs that have wideband output noise, here the
output noise around the L.O harmonics is much less than that
at the LO 1* harmonic. Thus, a wideband passive mixer
follows the GB-BPF for downconversion, with the noise due
to harmonic folding being much relaxed. Besides, the noise
transfer function of R, is a notch function, while its har-
monic folding terms are bandpass with much smaller ampli-
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tude. This is also true for the conventional N-path passive
mixer with a difference method. Around nw, where the in-
band signal exists, the main contribution to its noise is the
folding from higher harmonics, which is much less than the
OB noise. The noise from R, is thus greatly suppressed, and
alarger R, is allowed to relax the O power. In other words,
by re-sizing g,, smaller switches can be used for the SC
branch while keeping a high OB selectivity filtering profile as
analyzed in the prior art.

C. Intuitive Equivalent Circuit Model

As shown in FIGS. 5(a) and (b), the filtering behavior at
both V, and V,, are similar to that of a single-ended passive
mixer, which motivates the re-modeling of the circuit in FIG.
1(a) with two sets of single-ended passive mixers: one at V,
and one at V_, as shown in FIG. 11(a). With the proposed
intuitive equivalent circuit, it is convenient to include the
parasitic capacitances at both V, and V,_, by using a known
theory as shown in FIG. 11(54). The non-idealities due to LO
phase/duty cycle mismatch can be analyzed, while the varia-
tion of g,, to the in-band gain is similar to the condition of a
simple inverter since the two sets of passive mixer are of high
impedance at the clock frequency. Inside, we re-model the
switch’s on-resistance as R, ; at V, with capacitance C,,, and

SWi

R,,,, at V, with capacitance C_,.

ie’

R o (Row [/ Re)+ Ry Row+ Ry,
T LhgeRe 1+gaRe
- _|d—gmRr)RL
“7| RL+Rp
R _ (B /| Re1) + Rs
SWo T 1+ngS
Coe = C1.

28

X C;

R,,,,described in (28) equals to (2). Thus, for far-out blockers,
R,,../R;. is smaller than R,, which results in better ultimate
rejection [FIG. 11(a)]. The value of C,, is obvious, it equals
the gain of the circuit multiplied by C,, but without the SC
branch in the feedback. It can be designated as the open-SC
gain, and it can be enlarged to save area for a specific -3-dB
bandwidth. As an example, with R, =80 Q,R_ =30 Q, R =50
Q, C=5 pF, g,,=100 mS and R,=500 Q, C,, is calculated to
be 33.79 pF, which is ~6x smaller than C, in the traditional
design, thus the area saving in C, is significant. For R, it
equals the output resistance with R, in the feedback. This is
an approximated model without considering the loading from
R, to R0

To verity it, the frequency responses of FIG. 1(a) and FIG.
11(a) are plotted together in FIGS. 12(a) and () for compari-
son. It is observed that their -3-dB bandwidth and gain
around w, fit well with each other, since the loading from the
mutual coupling between the SC for 1B signal is less an issue
than that of OB blockers. As expected, the ultimate rejection
in FIG. 11(a) is better than that in FIG. 1(a). Note that the
parasitic capacitances C,, at V, and C_ at V, have been
included in FIG. 11(4). Also, to account C, of the G,,’s two
MOSFETs [FIG. 1(a)], a parasitic capacitance Cis placed in
parallel with R, . Still, the accuracy of the equivalent circuit
is acceptable around f,, as shown in FIGS. 13(a) and (b). It is
noteworthy that the gain at around o, fits better with each
other than that of w,, 3w, etc. For the influence of C,,, and C,
it mainly lowers the IB gain and slightly shifts the resonant
frequency. For C, it induces Miller equivalent capacitances at
V, and V , further lowering the gain and shifting the center
frequency. With (28) and the RLC model, the -3-dB band-
width at V, is derived as,
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II1. Design Example

A 4-path GB-BPF suitable for full-band mobile-TV or
IEEE 802.11af cognitive radio is designed and simulated with
65-nm GP CMOS technology. The circuit parameters are
summarized in Table I. The transistor sizes for the self-biased
inverter-based G, are: (W/L)z,,0~(24/0.1)x4 and (W/L)
aaros—(12/0.1)x4. The 0.1-um channel length is to raise the
gain for a given power and g,,, value. The switches are NMOS
with (W/L),,,=25/0.06. C, is realized with MiM capacitor.

As shown in FIG. 14(a), the passband is LO-defined under
£=0.5,1, 1.5 and 2 GHz and S,,>-15 dB in all cases. The
-3-dB BW ranges between 41 to 48 MHz, and is achieved
with a total MiM capacitance of 20 pF. The calculated C,,
based on (28) is thus ~40 pF, and the required C,, for 4 paths
is 160 pF. The -3-dB BW at 2 GHz is larger due the parasitic
capacitor that reduces the Q of the GB-BPF. The gain is 12.5
dB at 0.5-GHz RF, which drops to 11 dB at 2-GHz RF with an
increase of NF by <0.1 dB as shown in FIG. 14(6). The IIP3
improves from IB (-2 dBm) to OB (+21.5 dBm at 150-MHz
offset) as shown in FIG. 14(c). For the circuit non-idealities,
10% of LO duty cycle mismatch only induce a small variation
of IB gain by around 0.05 dB. For a g,, variation of 10%, the
IB gain variation is 0.07 dB at 500-MHz LO frequency. The
performance summary is given in Table II.

TABLE I
KEY PARAMETERS IN THE DESIGN EXAMPLE.
£, (mS) R,(Q  Re(@  R(Q)  C(F)
76 20 1k 120 5
TABLE II
SIMULATED PERFORMANCE SUMMARY
IN 65-NM CMOS.
Tunable RF (GHz) 05t02
Gain (dB) 11to 12.5
NF (dB) 2.14t02.23
1IP3;5 (dBm)* -2
1IP3 55 (dBm) (Af = +25 MHz)* +7
1IP3 5 (dBm) (Af = +50 MHz)* +12
1IP3 5 (dBm) (At = +100 MHz)* +18
1IP3 5 (dBm) (Af = +150 MHz)* +21.5
BW (MHz) 41 to 48
Power (mW) @ Supply (V) T@1

*f, = 500 MHz, two tones at f; + Af + 2 MHz and f; + 2Af + 4 MHz.

IV. Conclusions

The present invention has described the analysis, modeling
and design of a GB-BPF that features a number of attractive
properties. By using a transconductance amplifier (G,,) as the
forward path and an N-path SC branch as its feedback path,
double RF filtering at the input and output ports of the G, is
achieved concurrently. Further, when designed for input
impedance matching, both in-band gain and bandwidth can
be customized due to the flexibility created by G,,. Both the
power and area efficiencies are improved when compared
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with the traditional passive N-path filter due the loop gain
offered by G,,. All gain and bandwidth characteristics have
been verified using a RLC model first, and later with the
LPTV analysis to derive the R, [ and C expressions. The
harmonic selectivity, harmonic folding and noise have been
analyzed and verified by simulations, revealing that the noise
of'the switches is notched at the output, benefitting the use of
small switches for the SC branch, saving the LO power with-
out sacrificing the selectivity. The design example is a 4-path
GB-BPF. It shows >11 dB gain, <2.3-dB NF over 0.5-to-2-
GHz RF, and +21-dBm out-of-band IIP3 at 150-MHz offset,
atjust 7mW of power. The developed models also backup the
design of the ultra-low-power receiver in for multi-band sub-
GHz ZigBee applications.

Many changes and modifications in the above described
embodiment of the invention can, of course, be carried out
without departing from the scope thereof. Accordingly, to
promote the progress in science and the useful arts, the inven-
tion is disclosed and is intended to be limited only by the
scope of the appended claims.

What is claimed is:

1. A gain-boosted n-path bandpass filter, comprising:

a transconductance amplifier serving as a forward path;

a node one, connected to an input of the transconductance
amplifier;
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node two, connected to an output of the transconductance

amplifier;
a clock source to provide non-overlap clocks; and
a n-path switched-capacitor (sc) branch serving as a feed-
back path, connected between the node one and the node
two and parallel to the transconductance amplifier;

wherein the n-path sc branch comprises a plurality of
switches and capacitors connected in series;

wherein there are no elements between the node one and

the node two other than the switches and capacitors
connected in series;

wherein the switches of the n-path sc branch are driven by

the non-overlap clocks, respectively.

2. The gain-boosted n-path bandpass filter according to
claim 1, wherein when the state of the switches is ON, an
in-phase voltage of the transconductance amplifier will
appear on top plates of the capacitors, and induce an amplified
anti-phase voltage into bottom plates of the capacitors.

3. The gain-boosted n-path bandpass filter according to
claim 2, wherein when the state of the switch is OFF, the
amplified anti-phase voltage will be stored in the capacitors.

4. The gain-boosted n-path bandpass filter according to
claim 1, wherein n can be any integer number equal to or
greater than 1.



