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Design Methodology of Baseband Analog Chain to Maximize
a Spurious Free Dynamic Range for ATSC Terrestrial
and Cable Digital TV Tuner

Kuduck Kwon, Hong-Teuk Kim, and Kwyro Lee, Member, IEEE

Abstract — This paper presents a fully integrated tunable
CMOS baseband analog (BBA) chain optimized for advanced
television systems committee (ATSC) terrestrial and cable
digital TV tuner integrated circuits (ICs). To maximize the
spurious free dynamic range (SFDR) of the BBA chain for
both standards, the design guideline is introduced with respect
to the optimized allocation of the gain of each block. The
bandwidth is selectable from 3 MHz, 3.5 MHz, or 4 MHz.
Fabricated in a 0.18-um CMOS process, it provides a
minimum input referred noise density of 15.5 nV/NHz with 62
dB gain and out-of-channel output referred third-order
intercept point (OIP3) of 33 dBm, while it drains an average
current of 89 mA from 3.3 V. The total chip area is 1 mm
x1.2mm.!

Index Terms — Baseband analog (BBA), ATSC, cable,
terrestrial, spurious free dynamic range (SFDR), tuner

I. INTRODUCTION

Digital television broadcasting has gained more attention in
recent years mainly due to the demand for high quality
contents and regulation for digital broadcasting. In most of the
countries, the existing analog TV system will be replaced with
digital TV system. In response to this major transition all
around the world, demand for low-cost CMOS single chip
tuner integrated circuits (ICs) suitable for digital TV system
will increase. For advanced television systems committee
(ATSC) terrestrial and cable digital TV standards, a broad
VHF/UHF frequency band from 48 MHz to 862 MHz is used,
where hundreds of broadcasting channels simultaneously come
into the digital TV tuner. From each desired channel’s
perspective, the channels outside the desired one are referred
to as the interferers. Therefore, in RF front-end, those
unwanted channels need to be filtered out to obtain good
receiver characteristic. However, it is hard to integrate a highly
linear and low noise filter that operates in the VHF/UHF band.
Hence, the linearity requirement of the digital TV tuner is
stringent.
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Fig. 1. Block diagram of the BBA chain (A, is voltage gain, F is noise
factor and Vyp; is input referred third-order intercept point).

Especially, the performance of the baseband analog (BBA)
chain has a large impact on the performance of the whole
receiver such as the noise figure (NF) and linearity since most
of the channels come to the BBA chain almost without
filtering and the nature of broadband channels limits an
allowable gain of the RF-frond end. In fact, the BBA chain
must itself be low noisy so as not to degrade the overall
receiver noise figure, while sustaining sufficient linearity not
to get affected by inter-modulation distortion products
generated by large adjacent channels and interferers.
Therefore, it is crucial to optimize the spurious free dynamic
range (SFDR) of the BBA chain for the receiver performance.

In this paper, a highly integrated CMOS BBA chain, which
is optimized with respect to SFDR, is designed and
implemented in 0.18-um CMOS technology. Section 11
describes the design methodology to maximize SFDR of the
BBA chain for ATSC terrestrial and cable digital TV tuner ICs.
The detailed circuit designs in the BBA chain are discussed in
section III. Section IV reports the experimental results of the
BBA chain. Finally, section V concludes this paper.

II. DESIGN METHODOLOGY OF BBA CHAIN
TO MAXIMIZE SFDR FOR ATSC TERRESTRIAL
AND CABLE DIGITAL TV TUNER

To maximize SFDR in the BBA chain, the NF should be
minimized whereas the input referred third-order intercept
point (ITP3) has to be as high as possible. However, for a given
current consumption, there is a trade-off between the noise
performance and the linearity in the BBA chain. Accordingly,
to optimize SFDR of the BBA chain, alternation of filter stages
with amplifier stages [1] and the optimum allocation of the
gain of each block will be the appropriate choice [2]. In
addition, for a given amount of current, scaling of the input
impedance level and power consumption of the blocks in the
BBA chain is required. The NF of the first block dominates
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Fig. 2. (a) 3-dimensional contour and (b) 2-dimensioanl contour for
SFDR of the BBA chain in ATSC terrestrial with changes of Ay; and A,,.

the overall NF of the BBA chain, so its input impedance level
must be very low. Therefore, by providing more current to the
first block, both NF and linearity performance can be
improved simultaneously. As the stage goes on, the input
impedance level becomes higher and power consumption gets
lower.

A. Optimal SEFDR in ATSC Terrestrial

Since our system requires 75dB attenuation at the sampling
frequency of ADC of 25MHz in the anti-aliasing low-pass
filter (LPF), a 6th-order LPF is selected. The BBA chain is
modeled as the three cascaded blocks shown in Fig. 1. Each
block consists of a biquad LPF and a programmable gain
amplifier (PGA).

In ATSC terrestrial, broadcasting channels are scattered
apart from 48MHz to 862MHz, where 2w; + @, and 2w, + v,
products are dominant in deciding the third order distortion.
The expression of SFDR which is related by the noise figure,

linearity, and gain of each block can be expressed in ATSC
terrestrial as follows [3]:
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SFDR 475c is proportional to the cascaded dynamic range of the
BBA chain, DR, and it is expressed as

1 — casc
T2
D Rcasc V11P3,casc
E-1 E-1_1 3 %
=( 1+ZT+%)(T+ZAV71+A?7%)
AVI AVIAVZ VIIPSI VIIPSZ,F:‘I Vl[P33,Fx‘1
F F, F, F A? F A2 A?
= 21 + 5 2 + 5 3 + 21 V1 + 1 2Vl V2 (2)
I/11133 1 V11P32 JFil I/'111’33,1"1'1 VIIP}Z,FI’I V11P33 JFil
F 40,5, Fy Fy
2 2 2 2 2 2 2 2
AVII/UP31 V11P33,F1'1 AVIAV2 V11P31 AVZI/UP32,F1'I
1 1 1
= + + +a
DR, DR, DR,
and
2 2 2 2
— EAVI +F1AV1AV2 F‘Z AVZF'Z
2 2 2 2 2
VIIP}Z,FI’I VIIP}},FI’I AVII/IIP31 I/IIP33,F1'1 (3)
+

A;1A1§2VI§P31 A;2I/I§P32,Fil

where Ay; is the voltage gain of the ith block, F; is the noise
factor of the ith block, and Vyp; is the input referred third-
order intercept point of the ith block. Vypss my and Vipss gy are
the input referred third-order intercept points including
filtering effect of proceeding LPFs in the BBA chain [4] and
can be expressed as:
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In these expressions, Vyyps; is the output referred third-order
intercept point of the ith block and r;; and r;; (r;; < 1 and r;; <
1) are rejection rates of the LPF of the ith block when two
tones at the frequency of w; and w, are applied to the BBA
chain, respectively. From (2), 4;; and A4y, have a dominant
effect on DR, whereas A4y; is directly decided by the value of
Ay;and Ay, given the overall gain of BBA chain. As a result,
the appropriate allocation of the gain of each block in the BBA
chain is the most important factor in maximizing SFDR. When
the partial differential of a to Ay; and 4y,, 6a/0Ay; and 0a/0Ay,,
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Fig. 3. (a) 3-dimensional contour and (b) 2-dimensioanl contour for
SFDR of the BBA chain in cable with changes of A,; and A,,.

are zero, a is minimized and then DR, is maximized. From
the above analysis, the SFDR of the BBA chain in ATSC
terrestrial is optimized in the condition of 4;; = 10 (20 dB) and
Ay, = 2.85 (9 dB). This result is obtained through Matlab
simulation and presented in Fig. 2. The simulation conditions
are listed in Table I. Rejection rates r;, r;, and r; are
determined by the characteristics of the butterworth biquad
filter whose quality factor (Q) is 0.7.

B. Optimal SFDR in Cable

In the broadband cable system, a maximum of 130 channels
with channel bandwidth of 6 MHz are placed abutting each
other from 48 MHz to 862 MHz. Therefore, composite third
order inter-modulation distortion which is well known as
composite triple beat (CTB) is important in multi-carrier
systems such as cable. In general, w; £ w, + w; products are
6dB higher than 2w; + w, products. For the case of equally
spaced carriers, the number of CTB beats is the greatest in the
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TABLE I
SIMULATION CONDITIONS OF BBA FOR ATSC TERRESTRIAL AND CABLE

Parameter Value Parameter Value
Total BBA gain 62 dB Corner frequency 3 MHz
of blocks
Fi(NF)) 100 (20 dB) In-channel OIP31 35 dBm
Fo(NF») 500 (27 dB) In-channel OIP32 35 dBm
F3(NF3) 1000 (30 dB) In-channel OIP33 35 dBm
ri1 at 6 MHz 0.44 (-7.1 dB) ri2 at 10 MHz 0.18 (-14.9 dB)
r;3 at 16 MHz 0.07 (-23.1 dB)

middle of the band and is simplified to 3N*8 where N is the
number of channels [5].

If the BBA chain does not have any filtering effect, its
optimum allocation of the gain in cable is the same as that in
ATSC terrestrial. However, because the effect of filtering two
tones on SFDR is different from that of filtering three tones,
the optimum condition of the gain of each block in the BBA
chain in cable is different from the one in ATSC terrestrial. In
cable, the expression of SFDR is modified to

2
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1IP;c7p case 18 the modified input referred third-order intercept
point whose third-order components are w; = w, £ w;
products. Cascaded dynamic range, DRcrpc.sc Of the BBA
chain in cable can be expressed as
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where Ay; is the voltage gain of the ith block, F; is the noise
factor of the ith block, and Vy;; is the input referred third-
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Fig. 4. Schematic of the Tow Thomas low-pass filter.

order intercept point of the ith block. Vypscrpary and
Vipscrss,ry are the input referred third-order intercept points
including filtering effect of proceeding LPFs in the BBA chain
and can be expressed as:

v — Vipscrsa — Vowscrsz 9)
1IP3CTB2,Fil — - 4
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and
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In these expressions, Vopscrs; 1s the output referred third-order
intercept point of the ith block and r;;, 75, and r;; (r;; < 1, r;, <1,
and r;3 < 1) are rejection rates of the LPF of the ith block when
multi-tones at the frequency of w;, w,, and w; are applied to
the BBA chain, respectively. When the partial differential of
to Ay; and Ay,, Of/0Ay; and Of/OAy,, are zero, f is minimized
and then DR (73 c45c 1S maximized. Consequently, the SFDR of
the BBA chain in cable is optimized in the condition of Ay, = 4
(12 dB) and 4,,= 4.5 (13 dB). This result is obtained through
Matlab simulation and presented in Fig. 3. The simulation
conditions are listed in Table 1.

III. DESIGN OF BBA CIRCUITS

A. Low- pass filter

The main function of the LPF is both channel selection and
anti-alias filtering for the ADC. The fully differential 6th-order
butterworth LPF, which consists of three biquad (called Tow
Thomas biquad [6] presented in Fig. 4.) filters in Fig. 1,
satisfies attenuation specification of 75 dB at the sampling
frequency of ADC of 25 MHz. Because the butterworth has
excellent group delay characteristic, an additional group delay
equalizer (all pass filter) is not required. The 3-dB bandwidth
can be adjusted to one of 3 MHz, 3.5 MHz, and 4 MHz
respectively. In digital TV tuner applications, the LPF should
have both good linearity and low noise performance. Among
the many filter architectures, an active-RC filter has excellent
linearity because it uses a feedback system with an operational
amplifier (op-amp) having the high open loop gain and linear
passive elements. The higher the open loop gain of the op-

amp, the better the linearity of the filter from the following
equation

P . i
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Fig. 5. Schematic of folded-cascode operational amplifier with common

mode feedback loop.
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Fig. 6. Schematic of the programmable gain amplifier.

)|
A

(71,

Vips(after /b ) =V, ( before f/b )X(1+A0ﬂ)3/2 > (11)
where A4, is the open loop gain of the op-amp and S is the
feedback factor. Because the op-amp has to have the high open
loop gain, the folded-cascode amplifier [8], [9] in Fig. 5 is
adopted. The input referred noise voltage per unit bandwidth
of the second-order LPF is given by:

Vnz,LPF = Vnz,opamp + 4KTR17LPF + 4KTR27LPF (12)
and
%ES]{T( 2 +2g;13,4 +Eg,;19,10)

3g ml,2 3 gml,Z 3 gml,2

K K
Ly (13)
(WL)I,Z Coxf (WL)3,4Coxf gml,2
K, & mo.10

>

+2 3
(WL)‘),IO Cox.f gml,Z

where Ky and Kp denote the flicker (1 / f) noise coefficient of
NMOS and PMOS devices, respectively. To optimize the NF
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of the LPF, R; ;prand R, ;pr must be as small as possible. In

direct conversion receivers, the flicker noise is also critical, so
transistors (M;, M5, M; M, My, and M) of the op-amp should
Attenuator Integrator
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Fig. 7. (a) Schematic of dc offset correction (DCOC) circuit. (b) Block
diagram of DCOC feedback loop.

have large sizes. To drive a capacitive and resistive load, a
source follower is used in every op-amp as the output buffer.
Due to the required high linearity performance and 2 V input
and output swing range, the 3.3 V supply voltage is used. In
addition, the phase margin of the op-amp has to be
compensated by a left half plane zero, which is embodied by
the miller capacitance, C; and resistance, R: The output
common mode voltage level of the op-amp has to be
maintained constantly. The common mode feedback (CMFB)
loop of the op-amp in Fig. 5 performs this function. In order to
stabilize the CMFB loop, the gain of the CMFB loop is
reduced by a source degeneration resistor, Ry, and its phase
margin is improved by the miller capacitor, C; cyrp and
resistor, Ry cyrp. Each filter has a 5-bit capacitor array, which
can be switched by a digitally controlled signal. This capacitor
array will compensate the variation of process, supply voltage
and temperature. Tuning range from 2 MHz to 5 MHz is
achieved, and it is sufficient enough to cover those variations.

B. Programmable Gain Amplifier (PGA)

The PGA should also be highly linear. As mentioned before,
since negative feedback lowers the second-order and third-
order nonlinearities [7], the PGA in Fig. 6 is used. The op-amp
shown in Fig. 5 is used in the PGA. The gain control can be
functioned by switching the resistors in the forward path and in
the feedback path. In addition, C;_y¢,4 in the feedback path is
added to have the small low-pass filtering effect. PGAs in the
BBA chain have a gain range of 56dB from 6dB to 62dB
through 8-bit control and a gain step of 0.25dB.
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C. DC- Offset Cancellation

For the BBA chain used in dual conversion or direct
conversion receivers, DC-offset generated mainly due to self

Fig. 8. Chip microphotograph of the BBA chain.
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Fig. 9. Measured frequency response of the tunable analog channel select
filter.

mixing in down conversion mixer and device mismatches is
problematic because the gain of the BBA chain is high.
Therefore, DC-offset correction is required. A static and
dynamic DC-offset correction (DCOC) circuit shown in Fig. 7
(a) consists of the active RC integrator and attenuator using
resistive division and two local DCOC are realized in the BBA
chain of Fig. 1. Low-pass filtering in the feedback path causes
high-pass filtering in the overall closed loop. Thus, it rejects
DC-offset. The closed loop transfer function is

B S
App Ay @,

Hpy(5) = Ay (14)

s
I+
( AppA a))

atten ~~1nt
From (14), the 3-dB cut-off frequency of HPF is AgpAuen®in:
and due to A4, < 1, a large time constant required in high-
pass filtering can be made with relatively small capacitance
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and resistance. However, as A4, is getting smaller, the offset
of the op-amp used in the integrator of the DCOC loop is
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Fig. 10. Measured out-of-channel OIP3 characteristics of the BBA chain
at minimum gain setting of 6dB when two tones at 6 MHz and 10 MHz
are applied.

TABLE 11
SUMMARY OF MEASURED PERFORMANCE
Parameter Value
Technology 0.18-um 1P6M CMOS process
Chip area 1 mmX1.2 mm
Gain range 6~62 dB (0.25 dB step)

Cut-off frequency 3 MHz, 3.5 MHz, 4 MHz

Input referred noise density 15.5 nV/~/Hz
Out-of-channel OIP3 33 dBm
( two tones at 6 MHz and 10 MHz )
SFDR 58.1dB
Group delay 148 ns
Current consumption 89 mA
Supply voltage 33 V

amplified more into the output of the BBA chain. Compared to
the global DCOC loop, two local DCOC loops have better
performance in terms of stability and the amount of
cancellation. In addition, the high-pass corner frequency is
tunable. Since the settling time of DCOC loop should be short,
the high-pass corner frequency is increased to high frequency
in power-up mode whereas it is decreased to low frequency in
normal mode.

IV. MEASUREMENT RESULTS

The BBA chain in Fig. 1 which consists of three blocks has
been fabricated in 0.18-um CMOS technology. Each block is
composed of the second order LPF and PGA. The
methodology introduced in section II is utilized in the design
process. Fig. 8 shows the microphotograph of the BBA chain.
The chip size of the BBA chain including the LPFs, PGAs,
bias circuit and buffer is 1 mm X 1.2 mm. It operates at a
supply voltage of 3.3 V and its total current consumption is
89mA. Fig. 9 shows the measured frequency response of the
BBA chain. The 3-dB cut-off frequency of the BBA chain can
be adjusted to one of 3 MHz, 3.5 MHz and 4 MHz. The group
delay is 148ns. The gain dynamic range is 56 dB from 6 dB to
62 dB with a 0.25 dB gain step. Out-of-channel OIP3 of 33

dBm is obtained at the minimum gain setting of 6 dB. For out-
of-channel linearity test, 6 MHz and 10 MHz input signals are
applied. The plot for the BBA linearity characteristics is
presented in Fig. 10. The measurement results of the
implemented BBA chain are summarized in Table II. By
utilizing the methodology introduced in section II, the SFDR
of 58.1 dB is achieved.

V. CONCLUSION

In this paper, the design methodology of the baseband
analog chain to maximize SFDR for ATSC terrestrial and
cable digital TV tuner ICs is presented. By optimizing the
allocation of the gain of each block in the baseband analog
chain, a fully integrated tunable CMOS baseband analog chain
with excellent SFDR performance is implemented in the 0.18-
pum CMOS process. It provides a minimum input referred
noise density of 15.5 nV/J/Hz with 62 dB gain and out-of-
channel OIP3 of 33 dBm at the power consumption of 294
mW. This design methodology can be applied to the baseband
analog chain in other applications.
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