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A 6th order wideband active-RC LPF for LTE application*
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Abstract: A low power, highly linear active-RC filter is presented. This filter is synthesized from a low pass 6
order Chebyshev RLC ladder, and exhibits a reconfigurable bandwidth (10 MHz, 50 MHz). In order to meet the
high cutoff frequency (50 MHz) and strict adjacent channel rejection requirements, a novel operational amplifier
based on a new compensation technique is used, which optimizes high frequency filter performance and minimizes
current consumption. This filter is fabricated in a 0.18 wm CMOS process, the measurement results indicate that
the filter provides 10 MHz and 50 MHz selectable bandwidth, and excellent adjacent channel rejection: —15.3 dB at
12.5 MHz with 10 MHz cutoff frequency, —8.3 dB at 60 MHz with 50 MHz cutoff frequency, three times out-band

rejection more than 60 dB while the in-band ripple is less than 1 dB.
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1. Introduction

3G is one of the promising solutions used for wireless com-
munication and, recently, the next generation of long term evo-
lution (LTE) has been proposed and standardized. In LTE, car-
rier aggregation allows the deployment of bandwidths of up to
100 MHz, enabling peak target data rates in excess of 1 Gb/s in
downlink and 500 Mb/s in uplink[!]. When direct conversion
architecture is employed for those systems, a low pass filter
(LPF) with a selectable bandwidth of 10/50 MHz is required.

In this filter design, the strict adjacent-band rejection and
out-band rejection constrain the selection of the LCR proto-
type. Owing to the stringent adjacent channel rejection, Cheby-
shev filters are more suitable and require less orders than But-
terworth filters. Owing to the requirement of enough out-band
rejection and minimize in-band ripple, Chebyshev-I filters are
more suitable than Chebyshev-II, ellipse filters do. Based on
the requirements of adjacent-band rejection and out-band re-
jection, a low pass six order Chebyshev-I RLC prototype is
chosen, shown in Fig. 1.

Two structures can be selected to realize the filter: G,,—C
and active-RC. G,—C filters are generally used since Gy, am-
plifiers have high bandwidth!?). On the other hand, active-RC
filters have not been considered appropriate for wideband ap-
plications since they require a high unit gain bandwidth (GBW)
operational amplifier (OPAMP), hence the large power dissipa-
tion. However, active-RC filters have wide dynamic ranges and
are suitable for LTE since orthogonal frequency division mul-
tiplexing (OFDM) with 64 quadrature amplitude modulation
(QAM) requires high linearity. In this paper, a novel opera-
tional amplifier is introduced, which demonstrates a very good
compromise between high frequency performance and the cur-
rent consumption in an active-RC filter. An 8.5 times boost is
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applied to the dominant pole of the amplifier relative to tradi-
tional compensation without causing any stability problems.

2. Filter architecture

Figure 2 shows the proposed filter architecture: six order,
Chebyshev-11, 10 MHz/50 MHz bandwidth reconfigurable ac-
tive RC type. The top-level architecture mainly consists of a
cascade of three biquad stages, which is preferred over other
configurations, such as the leapfrog!?*!, because of its straight-
forward utilization and easily modifiable transfer function. To
compensate the variation of cutoff frequency due to process,
voltage and temperature (PVT), an auto frequency calibration
(AFCQ) is also given in this design.

3. Filter design

3.1. Novel operational amplifier design

In order to expand the amplifier’s bandwidth without sacri-
ficing gain and consuming more current, a new compensation
technique is adopted. Compared with the conventional com-
pensation amplifier!®], the novel idea places two cross-coupled
capacitor Cr and series resistor Ry between the first and second

Fig. 1. LCR prototype.
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Fig. 2. Active RC filter architecture.

Fig. 3. Novel compensation amplifier.

Fig. 4. Small signal model of the amplifier.

stages, as shown in Fig. 3. For detailed discussion, the sim-
plified AC equivalent model of the amplifier is presented in
Fig. 4.

In Fig. 4, c¢; represents the parasitic capacitor of stage one,
and c3 represents the sum of the load capacitor and parasitic
capacitor of stage two. ry is the resistance seen from node va,
which is equal to the native resistance of M2a in parallel with
the native resistance of M1a, namely r,1//ro>. The resistance

r3 stands for the output resistance of the amplifier, equals to
Fo3// Fos. Using Kirchhoff’s current law at node “v,” and node
“out”, the current conservation equations (1) and (2) can be
achieved, as shown below:

v v, —out v, + out

2 + : 1 + gmlvin + : = 07 (1)
nll— r+— re+ —
1 28 ceS
out out—v out + v

gm3Va + T+ =+ =0 @
rll— r+—  r+—
3§ CzS ceS

From Egs. (1) and (2), the differential transfer function of
the novel compensation amplifier can be calculated. The nu-
merator and denominator of the transfer function is shown in

Eq. (3):
num = g1 Vin[cz8 (reces + 1) — gma (12625 + 1) (reces + 1)

=5 (17028 + D](rpc.8 + 1) (reees + 1),

den = [c,s(reces + 1) — cps(rpe.s 4+ D)][cs(reces + 1)
— gm3(r2¢,8 + 1) (reces + 1) — eps(r,0,8 + 1)]
— [(rz¢zs + D (reces + D (crs + 1/r1)
+ ¢, s(reces + 1) + ces(rpe,s + 1)]
X [(c35 + 1/73)(rpcps + 1) (reces + 1)
+ ¢, s(reces + 1) + cgs(re.s + 1)]. 3)

Equation (3) shows that the transfer function has six poles
and four zeros, which is difficult to analyze manually. In order
to have an in depth observation of the novel amplifier’s behav-
ior, firstly, we can assume that the denominator of the transfer
function looks like the following:
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Fig. 5. Pole locus of the novel amplifier.

D) = M1 (5= ). )

The expansion of this polynomial is a 6th order polyno-
mial:

D(s) = s® 4+ c15° 4+ cas* + c35® + cas® + ess' +cs, (5)
where

¢5 = — p1p2p3papPs — Ps(P1p2p3pa + p2p3paps

+ pi1p3paps + pi1p2paps + p1P2pP3Ps). (6)
C6 = P1P2P3DP4P5D6s (7
Ce Pe6

s 1 1 1 1y ®
l+ps|—+—+—+—+—
ps Psa P33 P2 D1

Assuming the dominant pole is pe, whose absolute value is
much less than that of the other poles, an appropriate estimation
of Eq. (8) can be obtained, as shown in Eq. (9):

Ce Pe
T 1 1 1 1 e O
Cs
1+p6(—+—+—+—+—)
Ds Pa P3 P2 P1

According to Eq. (9), the dominant pole of Eq. (3) can be
represented by Eq. (10). When ¢¢ = 0, the novel compensa-
tion amplifier turns to a traditional two stage amplifier, then
the dominant pole expression changes to Eq. (11):

2(r,c, + rece)
Pdomi, novel = — 1/1‘1]‘3 |:gm3(cz - Cf) +
rirs
c1+c,+c¢ c3+c,+c¢
+ 1 f + 3 f] ,
r3 r
(10)
2r,c,
Pdomi, conventional = — 1/rl r3 | &m3Cz +
rirs
CI+CZ+C3+CZi|. (11)
r3 ry

Fig. 6. (a) Amplifier gain and (b) phase of the proposed technique and
the conventional RC compensation network.

For a stable circuit, the poles are located in the left half of
the x—y plane. In order to estimate the dominant pole charac-
teristic of the novel compensated amplifier more conveniently,
supposing that the values of ¢, ry, c3,73, ¢z, 75, r¢in Eq. (10)
are fixed, taking ¢ = kc,, the locus of the dominant pole in
the novel compensated amplifier (Eq. (10)) can be plotted us-
ing Matlab, which is shown in Fig. 5.

In Fig. 5, the x axis is k, and y axis is the dominant pole lo-
cus. When k<1.2, the pole is negative, k>1.2, the pole goes to
right-half of the x—y plane, and the system becomes unstable.
When k<1.2, the dominant pole location goes to a higher fre-
quency along with the increase of k. For example, when k =
0, the dominant pole of the amplifier is 0.92 MHz, when k
nears 1.2, the dominant pole of the amplifier is 41.4 MHz, forty
times larger than the case k = 0 (the traditional compensation
case). So it is clear that the novel compensation technique of
the two-stage amplifier can dramatically expand the dominant
pole without consuming more current.

For stability consideration, let ¢ = ¢, (k=1). This new
compensation technique also provides a double zero character
to the amplifier. It adds positively to the phase response, thus
moving the —180 intersect at a much higher frequency. Figure
6 illustrates a comparison of the gain and phase achieved when
the above described technique and the classic pole-splitting
method are applied to the amplifier. From Fig. 6 and Table 1
we can see that the proposed technique offers an 8.5 times in-
crease in the frequency of the amplifier’s dominant pole. The
unity gain bandwidth also increased 1.6 times than the tradi-
tional one with only a 5.6° phase margin less.

3.2. Resistor ladder design

In this work, a variable resistor ladder is used to compen-
sate the variation of cutoff frequency due to PVT, but the non-
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Table 1. Simulation result of the compared compensation technique.

Parameter This work Conventional
technique

Dominant pole (MHz)  7.836 0.92

GBW (GHz) 1.6 1.036

Phase margin (°) 57.5 63.3

Fig. 7. (a) Binary-weighted resistor bank. (b) One-hot variable resis-
tor.

ideality of the resistor ladder also causes the Q changing in
the filter. The variable resistor consists of NMOS switches and
unit-resistors. The gate widths of the NMOS switches should
be large enough to ensure that on-resistances remain negligi-
ble with respect to the unit resistance under PVT variations.
However, in scaled CMOS technologies, an on-resistance per
unit gate width is very high due to low power supply voltages.
The gate width of the switches becomes large, and so does the
parasitic capacitance of the switches. This large capacitance in-
troduces poles comparable to or even lower than the GBW of
an amplifier. Therefore, the variable resistor is very important
for a filter.

Figures 7(a) and 7(b) show a 4-b binary-weighted resistor
bank and a one-hot serially connected variable resistor, respec-
tively. The frequency response of the one-hot resistor is much
better than that of the binary-weighted resistor, since half of
the parasitic capacitance is connected to the virtual ground of
an active-RC filter and it does not contribute to the frequency
response. So in this design, we choose the resistor structure in
Fig. 7(b).

3.3. On-chip automatic turning technique

In order to turn the filter to the desired cutoff frequency,
an on-chip automatic turning circuit is required. As shown in
Fig. 8, the turning loop consists of an oscillator, a reference
filter, two binary counters (counters A and B), a digital com-
parator and a latch. The oscillator has the same structure as the
high-Q biquad shown in Fig. 2, except that Cs between two
amplifiers is omitted. By turning the oscillating frequency f,
of the oscillator, the -3 dB frequency of each biquad in the filter
will be turned, as does the filter’s cutoff frequency.

fo is measured by the A counters at first, which is con-
trolled by a reference clock signal f. The value is latched at
the end of each clock period, compared with the digital input

Fig. 8. Automatic turning system of filter.

Fig. 9. Chip photo.

word By using the digital comparator. When the value of the A
counter is less (greater) than the value By, the B counter which
control the filter’s resistor ladder will be decreased (increased)
by one, to turn the filters cutoff frequency. When the value of
A counter is equal to By, f, reaches the desired value, and the
B counter is unchanged. The desired oscillating frequency can
be written as:

wq = 27de = ZJTBffclk. (12)

Ideally, f3 = f,. However, due to the error from measur-
ing f, and the finite filter’s resolution, f, may deviate from
the ideal value. In order to improve the turning resolution, the
clock signal should have a long period together with a long
count of A.

4. Measurement results

The proposed filter was fabricated in a TSMC 0.18 um
process with a 1.8 V supply. The chip micrograph is shown
in Fig. 9, where a filter core circuit occupies an area of 1.0 x
0.7 mm?. The integrated capacitors and resistors were imple-
mented with MIM capacitors and high resistivity poly-silicon
resistors.

Figure 10 illustrates the measured magnitude response of
cutoff frequency of 10 MHz and 50 MHz after frequency turn-
ing. As shown in the magnitude response, the filter indicated
excellent adjacent channel rejection: —15.3 dB at 12.5 MHz
with 10 MHz cutoff frequency, —8.3 dB at 60 MHz with
50 MHz cutoff frequency, which meets the steep stop-band at-
tenuation requirement in LTE.
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Table 2. Performance summary.

Parameter Value

Technology TSMC 0.18 pum RF process/1.8 V

Filter order/ type Six order/Chebyshev-I1

Cutoff frequency 10 MHz/50 MHz

Input referred noise 72 nV/v/Hz

In-band IM3 -57.2 dB @ 10 MHz/-58.6 dB @ 50 MHz

In-band I1P3
Power consumption
Die area

18 mW

18.6 dBm @ 10 MHz/19.3 dBm @ 50 MHz

1.0 x 0.7 mm?

Table 3. Comparison with recently published works.

Reference Process (um) Topology Order Power/Pole (mW/pole) Cutoff range (MHz) 1IP3 (dBm)
Ref. [6] 0.25 Acitve_RC 5 11 20 31

Ref. [7] 0.18 Acitve_RC 4 5 10 32

Ref. [8] 0.13 Active_RC 4 0.7 mA/2.7 mA 2.11/11 21

This work 0.18 Active_RC 6 3 10/50 18.6

Fig. 10. The measured magnitude response of filter cutoff frequency.

An in-band 3rd intermodulation (IM3) of —57.2 dB is ob-
tained at 10 MHz cutoff frequency when the input powers of
two tones are —10 dBm (at 3 MHz and 4 MHz), as shown
in Fig. 11. According to the equation: IIP3 = %MB) + Pi,
the 3rd input intercept point (IIP3) of the filter is 18.6 dBm.
Table 2 shows the measured result of the proposed filter, and

Fig. 11. The measured in-band IM3.

Table 3 gives a comparison between this work and other re-
cently reported works. The power dissipation of the filter is
18 mA, which can be cut down slightly when shrinking the
width of the opamp in the low Q biquad of this circuit.

5. Conclusion

A six-order active-RC filter with modifiable bandwidth
was presented. The amplifier of the filter utilizes a new com-
pensation technique, which allows for optimized high fre-
quency filter performance and minimized current consump-
tion. A filter prototype has been fabricated ina 0.18 um CMOS
process, the measurement result indicates that the filter pro-
vides 10 MHz and 50 MHz selectable bandwidth, excellent ad-
jacent channel rejection: —15.2 dB at 12.5 MHz with 10 MHz
cutoff frequency, —8.2 dB at 60 MHz with 50 MHz cutoff fre-
quency, power consumption is 18 mA.
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