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ABSTRACT

'wo charge-coupled filters for use in a PCM system are described.

Design considerations, noise calculations and experimental results are
presented.

I. System considerations.

The integrated circuit contains essentially two charge-coupled trans-
versal minimum-phase low-pass filters for use in a PCM system. The filter
characteristics are designed to meet the CCITT recommendations &. 7121,

A PCM channel consists of a transmitter, containing an anti-aliasing
filter and an A/D converter, and a receiver, containing a D/A converter
and a signal reconstruction filter. Both filters are implemented as CCD's
for which a clock frequency of 32 kHz is chosen. As the converters have to
operate at a sample rate of 8 kHz only one sample is taken out of four at
the output of the transmit filter whereas four identical samples are sent
in one after another at the receive filter. The overall transfer function
of the latter transformation combined with the sample and hold output ope-
rating at 32 kHz corresponds to the transfer function of a sample and hold
operating at 8 kHz. The transmit filter has a prefiltering input which
uses an oversampling at 64 kHz. The frequency responses of both charge-
coupled filters are predistorted : the transmitting one to compensate for

the rolloff of the prefilter input, the receiving one for the'rolloff of a
sample and hold operating at 8 kHz.

II. Circuit description.

The devices are processed in an n-channel two level polysilicon dyna-
mic RAM technology adapted to yield enhancement. and depletion transistors.
A photograph of the chip is shown in fig. 1.

The charge-coupled devices are four phase structures. In both CCD's
47 weighting coefficients are implemented. The channel width is 600 um.
The length of one delay stage is 40um. A parallel channel 2 is used to ob-
tain an output DC level independent of the CCD input bias level and to
achieve a better matching of the capacitances at the input ncodes of the
amplifier, The electrodes of the sense gates (@l) are double-split 3,4
resulting in smaller overlap capacitances, smaller common mode or bias
charge and a lower sensitivity to capacitive mismatching.

With the used sensing method the outer parts and the center part of
the split electrodes are not held at the same potential during sensing.
Charge partitioning underneath such sense electrodes would cause a consi-
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derable error 2, Our solution to that problem is to extend the islands of
channel stop and thick oxide - upon which the sense electrode gaps are
situated - underneath the preceding electrodes (#4) so that the charge
packets are divided under unsplit electrodes. .

The output circuit is shown in fiqg, 2. Only one operational amplifier
is used as a differential integrator. The feedback capacitor value is cho-
sen so that the total filter gain equals one. The amplifier circuit is
based on Senderowicz's scheme 2. The low frequency integrator noise is re-
duced and the sense gate reset noise totally suppressed by the correlated
double sample and hold circuit 2,6, The depletion source followers are de-
signed to deliver no substantial level shift. Vyef is the reference vol-
tage at which both the sense gates and the correlated double sampling
structure are reset, Vyef is also applied to the center parts of the split
electrodes,

The CCD charge injection method is a classical diode cutoff-technique
with the second gate biased at Vyef. In this manner non-linearities due to
the depletion capacitances under the sensing electrodes are largely redu-
ced.

The capacitance at the amplifier input nodes is subjected to two op-
posite requirements : it has to be low to reduce the amplification of the
equivalent input noise of the integrator and it has to be high if no other
precautions are taken to restrict the voltage variation on the sense elec-
trodes. With the use of B4 and Ce (fig. 2) an excellent compromise is ob-
tained. The voltage variation on the sense electrodes between the moments
of resetting (before @4 falls off) and sensing is given by
v(c—c)+QL +QL
vi oo v __P C 4 bias signal (1)

ref 2
CG FB

V-t are the voltages at the amplifier input nodes during the sensing. V_ is
the phase pulse amplitude (14 V). C4 is the overlap capacitance between
sense gates and phase four. Qgias and Qgignal are respectively the total
bias and signal charge under the split electrode parts connected to the
positive input node of the amplifier. Cg is the total capacitance at one
amplifier input node, the feedback capacitor not included. By using $4
and Cc a charge cancellation is realized. The compensation capacitor Ce is
chosen so that formula (1) is reduced to
I,
i Qsignal
v~ Vref T Cn + C (2)
G F'B
A minimum value of 31 pF for C_. is now sufficient to limit the voltage
variation on the sense electroges to ¥ 0.5 v,

ITIT. Noise calculations.

The output noise power in a bandwidth B with boundaries fr,=100 Hz and
fy=3.1 kHz is calculated for the transmit filter. The sample and hold at
the filter output is operating at the CCD clock frequency fp. The clock
period is Tg. Depletion capacitances are neglected. The amplification of
the correlated double sample and hold output structure is written as
AcpsgH and is equal to 0.86.

The formulae concerning the CCD noise sources can be found in ret. 7.
The noise contributions due to dark current and to fast interface states
are very low (Table 1). The noise power at the filter output due to the
input noise of main and parallel channel is written as

N .
H sinpgfT -j2mrEnT
2 2 -2 2 -1 C ¢
V. .. = 3 C —_— Z 1f 3)
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where U% is the charge variance after the setting of the input gate oxide
capacitance Cg and is taken equal to 4 kTCe7 with k the Boltzmann's con-
stant and T the absolute temperature (300°K)., N is the total number of the
weighting coefficients h,. For the main channel the modulus in formula (3)
is taken equal for all passband frequencies to 4.44, which is the exact
value at 80O Hz. For the parallel channel where all weighting coefficients
are equal to one the modulus becomes N |sinnrfNTq/(RENTH)| which is zero
at fo/N. After calculating the integrals the results for the main and pa-
rallel channel are respectively

2 2 -2 2 -1 2
Vo,inp,m O'i,m CFB ACDS&H fC basdd)™, 3 B . e
2 2 -2 2

. = A N 0.67 5
Vo,inp,p (jl,p “re “cpsen N © ()

The charge integrator is the second important noise source. The white
noise component, vmoar and the 1/f-noise component at 1 kHz, VﬁOAr of the
amplifier noise voltage referred to the input are respectively equal to
20 nv/ VVHz and 200 nV/\V Hz, To find the integrator noise contributions we
will first calculate the influence of the correlated double sample and
hold.

A scheme of the correlated double sample and hold is given in fig. 3.
A noise source r bandwidth limited toQis considered., Two samples taken
respectively at nTp-7 and nT. are subtracted from each other and the re-
sulting signal is held. The noise power is measured at the output of a
bandpass filter. The equivalent scheme in fig. 4 is used for the calcu-
lation.

@y is the power spectrum of the noise source when the whole frequency axis
is considered. When only positive frequencies are considered, we write

vy with v% = 20y. a

The power spectrum of . signal s" (fig. 4) is written as

‘ -j2nfy |2
B u(f) =@ _(£)]e -1l =@ (£) 2 (l-cos2nfy) (6)
or ¢S"(f) = ¢r(f) 2 (l-cos2rfzr) for IEI<<) (6a)
¢S"(f) =0 for I£|1>(} ; (6b)
The power spectrum of signal s* is written as 8
2
B_%(£) = £ ; B (£+nf ) (7)

The modulus of the transfer function of the hold operation is
T, | singfT /(RfT )| . Neglecting the attenuation due to the (sinx)/x
function tﬁe total output noise power is given by

£ ~f
, q v
2
Vout ~ Z;;/f ¢5"(f+nfc)df +2;;/;f ¢Su(f+nfc)dﬁ (8)
i H

Changing the arguments, using the symmetric property of a power bpectrum
and substituting ¢S" by v (1-cos2nftr), expression (8) can be transformed

r
nm fH+nfC . n% —fL+nfC
2
V2 = 2 Vz(l—cos2nfr)df + 2 E v (l-cos2rft)df
out — £ of E =i r
n=o0 L n c n= H n c
(9)
As ¢s"(f) =0 for |£f|>0, n is restricted to n. and n$.
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Calculating expression (9) with an {l-value of 0.45 MHz and a T-value
of 8us respectively with V% constant for white noise and with v% equal to
(1000 Hz/f) v§2 for low frequency noise the formulae for the integrator
contributions are obtained.

2 2 5 B -5 B
= . + 1
Vo,int,w = Ymon H%2 1.7 107 (CH#Cp) Cop Aopeen (o)
2 i 3 .
= . +
Vo,int,1 = Vmoa M2 1.2 107 (C#Cop) " Cpp Bopaen (11)

The results of the noise calculations for the transmit filter are
summarized in table 1. The total output noise Voltaée in the specified
band is 934¥; with a signal of 3 V peak-to-peak the signal to noise ratio
is 81 dB or 83 dB if CCITT psophometrical noise weighting is used. A simi-
lar performance is expected for the receive filter.

noise source noise power at the filter output in a band
between 100 Hz and 3.1 kHz
- 2
10 e v
CCl--input
main channel 21.
parallel channel 17.

dack current
main channel 0.
parallel channel 1

ur i

fast interface states
main channel 2
parallel channel 1

integrator
white noise 21.5
1/f-noise 15.2

CDS&H-structure
transistors ) 3.4
capacitor resetting 1.9

6.0

Total 8

Table 1. Noise contributions at the filter output of the
various noise sources.

IV. Experimental results.

Since the CCITT recommendation is only specified for a complete audio
channel most of the figures below are given for a tandem configuration of
transmit and receive filter except otherwise stated. The sample and hold
at the transmit filter output is operated at 8 kHz.

The passband ripple is about ¥ 0.25 dB. The total stopband rejection
is at least 72 dB while each filter separately gives more than 33 4B rejec-
tion in the stopband. The minimum phase design yields a group delay of
225 ys with superimposed a delay distortion of 170 us between 500 Hz and
2800 Hz. '

Total harmonic distortion is -45 dB at a signal level of 4 dBm. This
yields a weighted noise to signal ratio of -76 dBmOp. The signal to noise
ratioof the receive filter alone is 84 dBmOp which is in excellent agree-
ment ‘with the calculations made above. Intermodulation distortion is
~40 dBmO. Gain deviation of 0.5 dB is met at 5 dBmO signal level.
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No degradation of performance is observed by operating the devices
at +70°C or at 150% of nominal ratings for extended periods. This indi-
cates that the process yields reliable devices which do not suffer of dark
current or threshold instabilities.

V. Conclusions.

Two filters suited for use in a PCM system are described. Noise cal-
culations are presented and shown to be in excellent agreement with ex-
periments. A signal to noise ratio of 84 dBmOp is obtained. With a
tandem configuration of both filters a total distortion to signal ratio
of -45 dBmO and a signal to noise ratio of 76 dBmOp are measured.
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Figure 1: Photograph of the circuit .
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Figure 2: Qutput circuit

@1U, HIC and Q1L are resp. the upper, center and lower

parts of the split electrodes.
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Figure 3: Scheme of the correlated double sample and hold.
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Figure 4: Scheme used for the calculation of the influence of a
correlated double sample and hold on a noise signal .






