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5 Pin Configuration and Functions

TSSOP
28 Pin PW
Top View
R
o
RX1[ 1 | 28 |Tx1
Rx2[ 2 | 27 |2
vcom[ 3 | 26 |GND
LNAOUT[ 4 | 25 |CLKIN
PGAIN[ 5 | 24 |vDD
PGAOUT [ 6 | = 23 |vDD
COMPIN[ 7 | Q | 22 [vio
RTDL[ 8 | 3 21 |SDo
RTD2[ g | e 20 |sDI
RREF [ 10 19 |csB
CHSEL [ 11 18 |SCLK
ERRB [ 12 17 |RESET
START [ 13 16 | TRIGGER
STOP [ 14 15 |EN
N———

Pin Functions

AR TYPE® DESCRIPTION
NAME NO.
RX1 1 | Receive input 1
RX2 2 | Receive input 2
VCOM 3 P Output common mode voltage bias
LNAOUT 4 (0] Low noise amplifier output (for ac decoupling capacitor)
PGAIN 5 | Programmable gain amplifier input
PGAOUT 6 (0] Programmable gain amplifier output
COMPIN 7 | Echo qualification and zero-crossing detector input
RTD1 8 (0] Resistance temperature detector channel 1
RTD2 9 (0] Resistance temperature detector channel 2
RREF 10 (0] Reference resistor for temperature measurement
CHSEL 11 | External channel selection
ERRB 12 (0] Error flag (open drain)
START 13 (0] Start pulse output
STOP 14 (0] Stop pulse output
EN 15 | Enable (active high; when low the TDC1000 is in SLEEP mode)
TRIGGER 16 | Trigger input
RESET 17 | Reset (active high)
SCLK 18 | Serial clock for the SPI interface
CSB 19 | Chip select for the SPI interface (active low)
SDI 20 | Serial data input for the SPI interface
SDO 21 (0] Serial data output for the SPI interface
VIO 22 P Positive 1/0 supply
vDD®@ 23,24 P Positive supply; all VDD supply pins must be connected to the supply.
CLKIN 25 | Clock input
GND 26 G Negative supply

(1) G =Ground, | = Input, O = Output, P = Power
(2) Place a 100-nF bypass capacitor to ground in closest proximity of the pin

Copyright © 2014-2015, Texas Instruments Incorporated
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Pin Functions (continued)

PIN
TYPE® DESCRIPTION
NAME NO.
TX2 27 (0] Transmit output 2
TX1 28 (0] Transmit output 1

6 Specifications

6.1 Absolute Maximum Ratings
Over operating free-air temperature range (unless otherwise noted) ®®

MIN MAX UNIT

Vpp Analog supply voltage, VDD pins -0.3 6.0 \%
Vo 1/0 supply voltage (V,o must always be lower than or equal to Vpp supply) -0.3 6.0 \%

vV, Voltage on any analog input pin® -0.3 Vpp + 0.3 v

vV, Voltage on any digital input pin®©) -0.3 Vio + 0.3 Y

I Input current at any pin 5 mA
T, Operating junction temperature —-40 125 °C
Tstg Storage temperature range -65 150 °C
(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings

only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

)
©)

All voltages are with respect to ground, unless otherwise specified.

pin must not exceed 6.0 V.

6.2 ESD Ratings

When the input voltage at a pin exceeds the power supplies, the current at that pin must not exceed 5 mA and the voltage (V,) at that

VALUE UNIT
Human-body model (HBM), per AEC A100-002® +2000
L All pins +500
Vesp)  Electrostatic discharge Charged-device model (CDM), per AEC P . \
Q100-011 Corner pins (1, 14, 15 +750
and 28) -
(1) AEC Q100-002 indicates HBM stressing is done in accordance with the ANSI/ESDA/JEDEC JS-001 specification.
6.3 Recommended Operating Conditions
Over operating free-air temperature range (unless otherwise noted)
MIN MAX UNIT
Vpp Analog supply voltage, VDD pins 2.7 55 \%
Vio Digital supply voltage, (V|0 must always be lower than or equal to Vpp supply) 1.8 Vpp \%
\ Voltage on any analog input pin GND Vpp \%
\ Voltage on any digital input pin GND Vio \%
fcukin  Operating frequency 0.06 16 MHz
T, Operating junction temperature —-40 125 °C
4 Copyright © 2014-2015, Texas Instruments Incorporated
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6.4 Thermal Information®

TDC1000
THERMAL METRIC TSSOP UNIT
(28 PINS) PW

Rgia Junction-to-ambient thermal resistance 83.5
Reic(top) Junction-to-case (top) thermal resistance 29.9
Reis Junction-to-board thermal resistance 40.8 °C/IW
Wit Junction-to-top characterization parameter 2.4
Wis Junction-to-board characterization parameter 40.3

(1) For more information about traditional and new thermal metrics, see the IC Package Thermal Metrics application report, SPRA953.

Copyright © 2014-2015, Texas Instruments Incorporated
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6.5 Electrical Characteristics

The electrical ratings specified in this section apply to all specifications in this document, unless otherwise noted. These
specifications are interpreted as conditions that do not degrade the device parametric or functional specifications for the life of
the product containing it. T4 = 25°C, Vpp =V, = 3.7 V, Vcom = Vem = Vop / 2, Cycom = 10 nF (unless otherwise noted).

PARAMETER | TEST CONDITIONS MIN TYP MAX | UNIT
TRANSMITTER SIGNAL PATH (TX)
, HIGH Vpp — 0.32 v
VouT(Tx) Output voltage swing fout=1MHz, R_. =75 Qto Vcum Low 032 v
louT(Tx) Output drive current fout=1MHz, RL =75 Qto Vcpm 22 MARMS
fc = 8 MHz, divide-by-2 (programmable;
foutarx Output TX frequency se;K%'Nransmitter Signal Path) 4 MHz
RECEIVER SIGNAL PATH (RX)
LNA capacitive feedback, Gpga =6 dB, fijy =1
STOP cycle-to-cycle
Atstop jitter y y MHz, V\y = 100 mVpp, Cycom = 1 UF and 50 PSrms
Figure 14
LNA
. Capacitive feedback, C;y =300 pF, fn=1
Gina LNA gain MHz, R, = 100 kQ to Ve, Cycom = 1 MF 20 dB
en LNA input referred Capacitive feedback, C;y = 300 pF, f = 1 MHz, 5 nV/Hz
LNA noise density VDD =31V, VIN = VCM! RL = oo, CVCOM =1 HF
v Inout voltage range Resistive feedback, R, = 1 kQ to | HIGH Vem + (Vem — 0.24) 1 (Guna) v
IN(LNA) P 9 9 VCM. CVCOM =1 LIF LOW VCM - (VCM - 024) / (GLNA) \Y
Resistive feedback, R, =1 kQto |HIGH Vpp — 0.24 \
Vour(na Output voltage range Vewm, Cveom = 1 pHF ) LOW GND + 0.24 \%
SRinA Slew rate@ Etzzlsg\(/ec (fj(;egblail::, RL =1 kQ to V¢, 100mV 9 Vips
XTK MUX ch-to-ch crosstalk tC(:)a\p/)acm\(/:e feedE)ach:l,Ff =1MHz, R, =100 kQ -57 dB
cm: Cveom =
BWina —3-dB bandwidth t%a\?g;"'éicfgidficlsFC|N =300 pF, R.= 100 kQ 5 MHz
LNA input offset ot
VOS(LNA) voltagep Resistive mode, VIN = VCM: RL = o0 +320 le
VCOM
Vcom VCOM output voltage c C1uF Vem \%
VCOM output error veom = = 1 0.5%
PGA
v PGA inout ranae R, = 100 kQ to V¢, C, = 10 pF | HIGH Vem + (Vem — 0.06) / (Gpea) v
IN(PGA) putrang to GND LOwW Vem = (Vem = 0.06) / (Gpap) Vv
GPGAMIN PGA min gain 0 dB
GPGAMAX PGA max gain DC, RL = CL =10 pF 21 dB
AGpga PGA gain step size 3 dB
GE(PGA) PGA gain error DC, GPGA =0 dB, RL = 0, CL =10 pF 5%
PGA gain temperature o
TCGpga Coeﬁigiem p DC, Gpga = 0dB, R, = =, C_ = 10 pF 170 ppm/°C
PGA input referred Gpga=21dB, f =1 MHz, Vpp = 3.1V, V| =
EMpca noise density Vems RL = «, Cycom = 1 UF 31 nVAHz
R, = 100 kQ to Vcy, C, = 10 pF | HIGH Vop — 0.06 v
Vout(rea) Output range toLGND M L P ow o oy
BWpca —3-db bandwidth S,EGé :Cél %, 5; =100kQ to Vew, €, =10 5 MHz
» Cvcom =
SRpca Slew rate® SFPG(A: =21 d8, E; = 100 kQ to Vew, €, = 10 125 Vips
» Cvcom =

(1) The slew rate is measured from 10% to 90% and is represented by the average of the rising and falling slew rates.

Copyright © 2014-2015, Texas Instruments Incorporated
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Electrical Characteristics (continued)

The electrical ratings specified in this section apply to all specifications in this document, unless otherwise noted. These
specifications are interpreted as conditions that do not degrade the device parametric or functional specifications for the life of
the product containing it. Tp = 25°C, Vpp = V|0 = 3.7 V, Veom = Vem = Vob / 2, Cycom = 10 nF (unless otherwise noted).

PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
ZERO CROSS COMPARATOR
Vos(comp) Input offset voltage® | Referred to Vcom +115 Y%

Zero crossing
eNcomp comparator input 1 MHz 5 nV/iHz
referred noise®

HYSTcomp  Hysteresis @ Referred to Vcom -10 mv
THRESHOLD DETECTOR
ECHO_QUAL_THLD = 0h, Vcowm referred -35 mV
VTHDET Threshold level
ECHO_QUAL_THLD = 7h, Vcowm referred -1.5 \%
TEMPERATURE SENSOR INTERFACE®
Terron Temperature Rrer = 1 kQ, PT1000 range: —40 to 125°C® 1 °C
measurement accuracy | Rqer = 1 kQ, PT1000 range: —15°C to 85°C* 0.5 °C
Relative accuracy Rrer = 1 kQ, Rrtp1 = Rrp2 = 1.1 kQ 0.02 °Crms
TGe Gain error 5.8 m°C/°C
POWER SUPPLY
Sleep (EN = CLKIN = TRIGGER = low) 0.61 pA
bC;antESueodus receive mode, LNA and PGA 28 3 mA
oo VDD supply current Continuous receive mode, LNA and PGA active 6.2 7.5 mA
Temp. measurement only (PT1000 mode)® 370 400 HA
Temp. measurement (PT500 mode)® 500 540 HA
o \C/ﬁesr:’t?g'y sleep Sleep (EN = CLKIN = TRIGGER = low) 2 nA

DIGITAL INPUT/OUTPUT CHARACTERISTICS
Input logic low

Vi threshold 0.2 Vio v
Vin iroshod 08 % Vio v
SDO pin, 100-pA current 0.2 Y

SDO pin, 1.85-mA current 0.4 Y

VoL Output logic low START and STOP pfns, 100-pA current 0.5 \
threshold START and STOP pins, 1.85-mA current 0.6 \Y

ERRB pin, 100-pA current 0.2 Y

ERRB pin, 1.85-mA current 0.4 Y

SDO pin, 100-pA current Vo —0.2 Y

o SDO pin, 1.85-mA current Vo —0.6 Y

VoH t?]l:ézlﬁgllgglc high START and STOP pins, 100-pA current Vio—0.5 Y
START and STOP pins, 1.85-mA current Vio—0.6 Y

ERRB pin, 0-pA current Vo —0.2 Y

Maximum output

lomax current for SDO, 1.85 mA

START and STOP

(2) Specified by design.

(3) With ideal external components. For more detail see Temp Sensor Measurement section.

(4) PT1000 RTD approximate resistance: 800 Q = -52°C, 931 Q = -18°C, 1.10 kQ = 26°C, 1.33 kQ = 86°C and 1.48 kQ = 125°C.
(5) Specified currents include 120uA which flows through the RTD sensor in PT1000 mode (TEMP_RTD_SEL = 0).

(6) Specified currents include 240pA which flows through the RTD sensor in PT500 mode (TEMP_RTD_SEL = 1).

Copyright © 2014-2015, Texas Instruments Incorporated 7
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6.6 Timing Requirements
Ta=25°C, Vpp = Vo = 3.7 V and fsck = 1 MHz (unless otherwise noted).
MIN TYP MAX UNIT
fscLk Serial clock frequency 26 MHz
ty High period, SCLK 16 ns
tp Low period, SCLK 16 ns
t3 Set-up time, nCS to SCLK 10 ns
ts Set-up time, SDI to SCLK 12 ns
ts Hold time, SCLK to SDI 12 ns
tg SCLK transition to SDO valid time 16 ns
ty :((j)é(étlme, SCLK transition to nCS rising 10 ns
tg nCS inactive 17 ns
o I(;!((j)édetime, SCLK transition to nCS falling 10 ns
t/ Signal rise and fall times® 1.8 ns

(1) The slew rate is measured from 10% to 90% and is represented by the average of the rising and falling slew rates.

Figure 1. SPI Timing Diagram

6.7 Switching Characteristics
TA = 25°C, VDD = V|o =37 V, fCLK|N = 8 MHz.

PARAMETER ’ TEST CONDITIONS MIN TYP MAX | UNIT
START, STOP, ENABLE, CHSEL, RESET, CLOCKIN, TRIGGER, ERR
TX_FREQ DIV = 2h, NUM_TX =1 1 us
PWstart Pulse width for START signal | TX_FREQ_DIV = 2h, NUM_TX =2 2 us
TX_FREQ DIV = 2h, NUM_TX = 3 3 us
te/ t; R_lse/fall time for START 20% to 80%, 20-pF load 0.95 ns
START signal
t/ ttstop Riselfall time for STOP signal | 20% to 80%, 20-pF load 0.25 ns
Maximum CLKIN input
foukn frequency 16 MHz
t/t cuan CLKIN input rise/fall time® | 20% to 80% 10 ns
t 1t TriG 'I_'RI(%l()BER input rise/fall 20% to 80% 10 ns
time
ten TRIG  Enable to trigger wait time® 50 ns
. L (1) TX_FREQ_DIV = 2h (see TX/RX Measurement
tres_TrRIG  Reset to trigger wait time Seguencing and Timing) 3.05 us

(1) Specified by design.

8 Copyright © 2014-2015, Texas Instruments Incorporated
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6.8 Typical Characteristics
At T, = 25°C, unless otherwise noted.
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Frequency (Hz) Frequency (Hz)
Vpp = Vo = 3.7V Capacitive R = 1kQ Vpp = Vo = 3.7V Gain of 21dB R = 1kQ
Feedback Mode
Figure 2. LNA Zgyt vs Frequency Figure 3. PGA Zoyr Vs Frequency
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Figure 6. LNA Response Figure 7. PGA Response
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Typical Characteristics (continued)

At T, = 25°C, unless otherwise noted.
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7 Parameter Measurement Information

Cin =300 pF

INPUT |:>—| |—CI LNAIN

CF]_: 1nF

LNAOUT |:>—| |—CI PGAIN

Rr1 =1 kQ Cegz =51 pF
PGAOUT [O>——AANA . I I

Crz =51 pF p—

Figure 14. External Circuits for Jitter Measurement

<] COMPIN

RFZ =51kQ
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8 Detailed Description

8.1 Overview

The main functional blocks of TDC1000 are the Transmit (TX) and the Receive (RX) Channels. The transmitter
supports flexible settings for driving various ultrasonic transducers, and the receiver provides configurable blocks
with a wide range of settings for signal conditioning in various applications. The receive signal chain consists of
an LNA (Low Noise Amplifier), a PGA (Programmable Gain Amplifier), and two auto-zeroed comparators for
echo qualification and STOP pulse generation.

The TDC1000 provides three modes of operation: Mode 0, Mode 1 and Mode 2. Each mode is intended for one
or more applications such as flow/concentration measurement, container level measurement, proximity detection,
distance measurement, and a range of other applications where a precision measurement of Time-of-Flight
(TOF) is required.

A measurement cycle is initiated with a trigger signal on the TRIGGER pin of the device. After a trigger signal is
asserted, an output pulse is generated on the START pin. This signal is used as the time reference to begin a
TOF measurement. The transmitter generates programmable TX pulses, synchronous to the rising edge of the
START pulse, to drive an ultrasonic transducer and generate an ultrasonic wave that is shot through an acoustic
medium. The receiver detects the ultrasound wave that traveled through the medium and generates STOP
signals. Whether the ultrasound wave is received directly or from a reflection will depend on the system
configuration. The STOP signals are used by an external Time-to-Digital Converter (TDC), which functions as a
very accurate stopwatch. The system must include a TDC to measure the TOF based on the interval between
the START and STOP pulses. In some applications with medium-range accuracy requirements (ns range), a
microcontroller can be used to measure the TOF duration. In applications with high-range accuracy requirements
(ps range), Tl recommends using the TDC7200 time-to-digital converter to measure the TOF duration.

In each application, the TDC1000 has to be configured by a serial interface (SPI) for one of the three modes of
operation available. In addition, the device must be programmed to various application-specific parameters that
are explained in the following sections.

8.2 Functional Block Diagram
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8.3 Feature Description

8.3.1 Transmitter Signal Path

The Transmitter (TX) path consists of a Clock Divider block and a TX Generator block. The clock divider allows
the TDC1000 to divide the clock source that is connected to the CLKIN pin down to the resonant frequency (fg)
of the transducer used. The clock divider allows division factors in powers of 2. The division factor of the clock
divider can be programmed with the TX_FREQ_DIV field in the CONFIG_O register.

The TX Generator block can drive a transducer with a programmable number of TX pulses. The frequency of
these pulses is defined as fcpn/(2™-FREQ-PV*1y " and should match the fr of the transducer. The number of
pulses is configured by programming the NUM_TX field in the CONFIG_O register.

For example, for fc xn = 8 MHz and TX_FREQ_DIV = 2h (divide by 8), the divided clock frequency is 1 MHz.

In addition to the programmable number of pulses, the TX Generator also provides options to introduce a 180°
pulse shift at pulse position n or damping the last TX pulse. In some situations, damping can reduce the ringing
of the transducer for very short TOF measurements. These features are further described in the TRANSMIT
Operation section of the datasheet.

8.3.2 Receiver Signal Path

The RX signal path consists of a channel selection multiplexer followed by an LNA. The output of the LNA can
then be sent to the PGA for additional amplification if needed. Finally, the signal is fed into a set of comparators
which generate pulses on the STOP pin based on the programmed threshold levels. The block diagram for the
receiver path can be seen in Figure 15.

If the 20-dB to 41-dB of gain provided by the TDC1000 is insufficient, additional gain can be added prior to the
COMPIN pin. Likewise, with a strong received signal, if the gain from the LNA or PGA is not be needed, they can
be bypassed and the transducer signal could be directly connected to the COMPIN pin.

A band-pass filter centered on the transducer’s response can be used between each stage of the receiver path
to reduce the noise; note that the inputs of the LNA, PGA and comparators should be biased to the VCOM pin’s
potential. The comparators connected to the COMPIN pin are used for echo qualification and generation of
STOP pulses that correspond to the zero-crossings of the echo signal. The STOP pulses are used with a START
pulse to calculate the TOF of the echo in the medium.

I
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W J]— "l Event
Manager

Threshold Detect
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o——e | | Analog Bias | |Temp. Sensel
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Figure 15. TDC1000 Receiver Path
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Feature Description (continued)
8.3.3 Low Noise Amplifier (LNA)

The LNA in the TDC1000’s front-end limits the input-referred noise and ensures timing accuracy for the
generated STOP pulses. The LNA is an inverting amplifier designed for a closed-loop gain of 20 dB with the aid
of an external input capacitor or resistor, and it can be programmed for two feedback configurations. The band-
pass configuration, referred to as capacitive feedback mode, must be combined with an input capacitor. The low-
pass configuration, referred to as resistive feedback mode, must be combined with an input resistor. The
recommended values for the input components are 300 pF and 900 Q respectively.

The LNA can be configured in capacitive feedback mode for transducers with resonant frequencies in the order
of a couple of MHz. This is done by clearing the LNA_FB bit in the TOF_1 register to 0. As shown in Figure 16,
the external capacitor, C,y, should be placed between the transducer and the corresponding input pin. This
provides an in-band gain of C\/Cg, where Cg is the on-chip 30-pF feedback capacitor. Provided that C,y = 300
pF, the in-band gain of the LNA circuit is:

. C 300 pF
Gainip_pand = % =30pF - WV

F p @
Ce . 30pF
R 9kO
: MUX ) 0

Cin :
Transducer 300 pF RX1

<;| 0— : _O;Cj _LNA ——( LNAOUT
SiF——o—te —

300 pF ! VCOM
Cin H

Figure 16. LNA Capacitive Feedback Configuration

The capacitive feedback configuration of the LNA has a band-pass frequency response. The high-pass corner
frequency is set by the internal feedback components Rg (9 kQ) and Cr (30 pF), and is approximately 590 kHz.
The in-band gain is set by the capacitor ratio and the LNA’s 50-MHz gain-bandwidth product sets the low-pass
corner of the frequency response. For example, an in-band gain of 10 results in a bandpass response between
590 kHz and 5 MHz.

The LNA can be configured in resistive feedback mode for transducers with resonant frequencies in the order of
a couple of hundreds of kHz. This is done by setting the LNA_FB bit in the TOF_1 register to 1. In this
configuration, the internal feedback capacitor Cr is disconnected (see Figure 17), and the DC gain of the LNA
circuit is determined by the ratio between the internal feedback resistor Rg (9 kQ) and an external resistor R)y.
For Ry =900 Q, the gain of the circuit is 10.

: R 9k i

MUX Wy i

Rin H E

Transducer ggpoqQ  RX1 :

& 1 f
! LNA LNAOUT

RX2 + ’_O

ym—w—o—o\J i

2000 5 VCOM :

Rin ‘ *

Figure 17. LNA Resistive Feedback Configuration

The LNA can be bypassed and disabled by writing a 1 to the LNA_CTRL bit in the TOF_1 register.
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Feature Description (continued)

8.3.4 Programmable Gain Amplifier (PGA)

The PGA, shown in Figure 18, is an inverting amplifier with an input resistance of Ry = 500 Q and a
programmable feedback resistor Rrg that can be programmed to set a 0-dB to 21-dB gain in 3-dB steps. This
can be done by programming the PGA_GAIN field in the TOF_1 register. The bandwidth of the PGA is scaled
based on its programmed gain. The typical bandwidth of the PGA with a 100-kQ load to VCM and a 10-pF
capacitor to ground are listed in Table 1.

Table 1. Typical PGA Bandwidth

PGA_GAIN (Hex) Gain (dB) Bandwidth (MHz)
Oh 0 19.0
1h 3 16.8
2h 6 14.4
3h 9 12.3
4h 12 10.0
5h 15 8.2
6h 18 6.6
7h 21 5.0

The PGA can be bypassed and disabled by writing a 1 to the PGA_CTRL bit in the TOF_1 register. The output of
the PGA should not be loaded directly with capacitances greater than 10 pF.

PGA 0O

|
|
|
|
PGA_IN| Rin 500 Q
[
|
|
|
|

Figure 18. TDC1000 Programmable Gain Amplifier

8.3.5 Receiver Filters

It is recommended to place two filters in the RX path to minimize the receive path noise and obtain maximum
timing accuracy. As shown in Figure 19, one filter is placed between the LNAOUT and the PGAIN pins, and
another filter is placed between the PGAOUT and the COMPIN pins.

With an in-band gain of 10, the LNA has a bandwidth of 5 MHz. For most applications, a low-pass filter between
the LNAOUT and PGAIN pins is sufficient.

As shown in Figure 19, the second filter stage can use a cascade of a low-pass filter (Rg; and Cg3) followed by a
high-pass filter (Cg, and Rg,) referenced to VCOM. Design of the filter is straightforward. The Rg; and Cg, can be
chosen first. A reasonable set of values for Rg; and Cg, could be: Rg; = 1 kQ £ 10% and Cpg, = 50pF + 10%.
Given the center frequency of interest to be fc and the filter bandwidth to be fg, the value of Cg; can be
calculated as:

1
- 2nRg(fo +fg) @

R, and Cg, determine the high-pass corner of the filter. Rg, should be referenced to VCOM to maintain the DC
bias level at the comparator input during the echo receive time. For values of Rg, larger than Rgq, there will be
limited loading effect from the high-pass filter to the low-pass filter resulting in more accurate corner frequencies.
The chosen values shown in the figure below result in a high-pass corner frequency of about 600 kHz and a low-
pass corner frequency of about 3 MHz.

Cks

Copyright © 2014-2015, Texas Instruments Incorporated 15


http://www.ti.com.cn/product/cn/tdc1000?qgpn=tdc1000
http://www.ti.com.cn/product/cn/tdc1000-q1?qgpn=tdc1000-q1
http://www.ti.com.cn

13 TEXAS
INSTRUMENTS
TDC1000, TDC1000-Q1

ZHCSD54B —OCTOBER 2014—REVISED AUGUST 2015 www.ti.com.cn

More complex filters can be used; external gain is acceptable if the signal amplitude is too low. If the pass-band
of the filter is wider than an octave, it is recommended to use a filter design which has linear group delay.

Cri=1nF Re1 = 1kQ Cr2 =50 pF
LNAOUT CO>—|—<J PGAIN  PGAOUT [ AN * I I <1 COMPIN
Cr3 =53 pF pr— R =5 kQ
L »C1GND VCOM

Figure 19. Filter for a 1-MHz Operation

8.3.6 Comparators for STOP Pulse Generation

The STOP pulse generation block of the TDC1000 contains two auto-zeroed comparators (a zero-cross detect
and a threshold-detect comparator), a threshold setting DAC, and an event manager.

Comparator auto-zero periods occur at the beginning of every TOF receive cycle. During these periods, the
comparator’s input offset is stored in an internal 2.5-pF capacitor, and it is subtracted from the input signal during
the echo processing phase. The duration of auto-zero period is configured with the AUTOZERO_PERIOD field
located in the CLOCK_RATE register.

Zero Cross Detect

>

veom O

A
I

coMPIN O

Threshold

Detect Event Manager ——O)

ECHO_QUAL_THLD _

+
—
DAC V1o

+

\

RECEIVE_MODE ——»
NUM_RX ——»

Figure 20. STOP Pulse Generation Circuit

8.3.6.1 Threshold Detector and DAC

The threshold detect comparator in Figure 20 compares the echo amplitude with a programmable threshold level
(V1hup) controlled by a DAC. The DAC voltage is set by the ECHO_QUAL_THLD field in register CONFIG_3 and
provides 8 programmable threshold levels, V1, p. The typical levels are summarized in Table 2:

Table 2. Echo Qualification Threshold Levels

ECHO_QUAL_THLD oh 1h 2h 3h 4h 5h 6h 7h
Typical Viup (MV) -35 -50 -75 -125 -220 -410 775 ~1500

8.3.6.2 Zero-cross Detect Comparator

The zero-cross detect comparator compares the amplified echo signal at COMPIN with its reference voltage,
which is Vcoum. As shown in Figure 21, the comparator produces a low-to-high transition when the amplitude of
the echo signal rises above Vcou. The comparator produces a high-to-low transition when the echo amplitude
falls below Vcom — Vayst. The built-in negative-sided hysteresis of 10 mV in reference to Vqoy €nsures accurate
zero-cross time instances associated with the rising edges of the echo signal and immunity of the comparator
output to noise.
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COMPIN
VCOM
. Vhyst = 10 mV
Zero Cross
Detect Output - - - -

Figure 21. Zero-Cross Detector Output Signal

The output of the zero-cross detect comparator is passed to the event manager, where depending on the
decision of the threshold-detect comparator.

8.3.6.3 Event Manager

The event manager is a digital state machine in the STOP pulse generation circuit of the TDC1000. The event
manager controls the maximum number of STOP pulses to generate on the STOP pin and the receive mode for
the STOP pulse generation. The number of STOP pulses is configured in the NUM_RX field in the CONFIG_1
register. The receive mode is selected in the RECEIVE_MODE bit of the CONFIG_4 register. See sections
Single Echo Receive Mode and Multiple Echo Receive Mode for details about the receiver modes of the
TDC1000.

An example for NUM_RX = 2h and RECEIVE_MODE = 0 is shown in Figure 22. When the echo signal amplitude
exceeds values smaller than Vqy p, the threshold detect comparator indicates to the event manager to qualify the
next zero-cross event as valid. When the qualified zero-cross is detected by the zero-cross detect comparator,
the event manager passes the pulse to the STOP pin until the number of receive events programmed in
NUM_RX is reached.

o)
VLN
[Ty

LPasses VTHLD} [Passes Vrhip

Qualified for Qualified for
Z€ero-cross Z€ero-cross

Figure 22. Signal Qualification, Zero-cross Detection and STOP Pulse Generation
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8.3.7 Common-mode Buffer (VCOM)

The output of the internal common-mode buffer is present at the VCOM pin. This pin should be bypassed to
ground with a low-leakage 10-nF capacitor and it should not be loaded with more than 20 pA. The common-
mode buffer can be disabled with the VCOM_SEL bit in the CONFIG_2 register. If disabled, an external
reference voltage must be applied to the VCOM pin.

During a time-of-flight measurement, the common-mode reference will take approximately 16 ps to settle if
starting from zero initial conditions. Using a larger capacitor will increase the settling time of the internal common-
mode reference. The implications of a larger VCOM capacitor are further explored in the Common-mode
Reference Settling Time section.

8.3.8 Temperature Sensor

TDC1011 MEAS_MODE
v
tof_start |
mMux  ——0 START
MEAS_MODE
v
tof_stop |
mMux ——o STOP
Temp
Sensor
[ (external)
[ad
RTD2 RTD2
(external)

Figure 23. Temperature Sensor Measurement

Accurate measurements of flow, level, and concentration require compensation for the temperature dependency
of the speed of sound in the medium. The TDC1000 provides two temperature sensor connections, allowing to
measure up to two locations with RTDs, as shown in Figure 23.

The temperature sensor block supports PT1000 or PT500 sensors. The type of RTD used must be selected in
the TEMP_RTD_SEL bit of the CONFIG_3 register. The system requires a temperature-stable external reference
resistor (Rgep). If the RTD type is PT500, then Rggr should be 500 Q. If the RTD type is PT1000, then Rggr
should be 1 kQ. The reference resistor needs to have either a low temperature coefficient or be calibrated for
temperature shift.

The logic timing in a temperature measurement is controlled by the TEMP_CLK DIV bit in the CONFIG_3
register. As shown in Figure 24, the external clock can be divided by 8 or by the value resulting from the
TX_FREQ_DIV field configuration in the CONFIG_0 register. It is recommended to operate the temperature
measurement block at frequencies of 1 MHz or less.
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0x03[4] - TEMP_CLK_DIV
—> =8
1
CLKIN f—fciun—e Treve Trewe =
fTEMP
' - 2TX7FREQ7DIV+1

T

0x00[7:5] — TX_FREQ_DIV

Figure 24. Timing Source for the Temperature Measurement

8.3.8.1 Temperature Measurement with Multiple RTDs

The temperature measurement mode is selected by setting the MEAS_MODE bit in the CONFIG_2 register to 1.
A temperature measurement is started by sending a trigger pulse. After the temperature measurement is
complete, the TDC1000 returns to SLEEP mode. To return to TOF measurement mode, reset the MEAS_MODE
bit to 0.

The temperature sensor measurement can be performed without the need of an external ADC. The temperature
sensor block operates by converting the resistance of a reference, Rrgg, and up to two RTDs into a series of
START and STOP pulses. The interval between the pulses is proportional to the measured resistance, and
therefore, the temperature. As shown in Figure 25, the TDC1000 performs three measurements per trigger event
and generates the corresponding pulses on the START and STOP pins.

|
TRIGGER : Reference
]
«—— eyl

START ’_‘
i i i
| trer - trTD1 R ) trTD2 R
STOP | _‘ _‘ _‘

Figure 25. Temperature Measurement Output Timing

RTD1 RTD2

a1 ta2

The resistance of RTD1 and RTD2 can be calculated from the time intervals in Figure 25 as follows:
tRerF
RTDx (3)

Rrrox = RRrer X

With a 1-kQ reference resistor, the tger interval is approximately 200 ys. The following intervals, tgrp; and tgpo,
will depend on the resistance of the RTDs. The time delay between measurements, tg; and ty,, can be
approximated as follows:
ty1 = (51 * Tremp) + (trrps X 0.55) (4)
ty> = (51 X Tremp) + (trrpz X 0.55) (%)

For example, two PT1000 sensors at 0°C will have an approximate resistance of 1 kQ; the same as the
reference resistor in this example. Given an external 8-MHz clock and the default temperature clock divide-by-8
from the TEMP_CLK_DIV bit, the overall measurement time between the START pulse and the last STOP pulse
is approximately 922 ps.
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8.3.8.2 Temperature Measurement with a Single RTD

The temperature sensing block can be configured to measure a single RTD by setting the TEMP_MODE bit in
register CONFIG_3 to 1. When the temperature measurement runs in PT1000 mode (TEMP_RTD_SEL = 0), the
first interval corresponds to Rgrgg, the second interval is a redundant measurement on Rgge and should be
neglected, and the third interval corresponds to RTD1. This operation is represented in Figure 26.

|
TRIGGER : Reference
|

t t
START l_] . d1 . . d2 N

| trer Y2 trer T trTD1
<« <
STOP ! _‘ _‘ _‘

Figure 26. Temperature Measurement with a Single PT1000

Discard RTD1

The resistance of RTD1 can be calculated using Equation 3. The time delay between measurements can be
approximated using Equation 4 and Equation 5, with the exception that in this case, ty; is a function of ¥ tgge and
tyo is a function of trrp;.

If the temperature measurement runs in PT500 mode (TEMP_RTD_SEL = 1), the first interval is a redundant
measurement on Rgge and should be neglected, the second interval corresponds to Rger, and the third interval
corresponds to RTD1. This operation is represented in Figure 27.

| |

TRIGGER ! Discard !
| |

|

ty ty
START l_] ,—1,, e 92

| 2 x trer trer T trTD1
<« <
STOP ! _‘ _‘ _‘

Figure 27. Temperature Measurement with a Single PT500

Reference RTD1

The resistance of RTD1 can be calculated using Equation 3. The time delay between measurements can be
approximated using Equation 4 and Equation 5, with the exception that in this case, t4; is a function of tggr and
tyo is a function of trrp;.

8.4 Device Functional Modes

8.4.1 Time-of-Flight Measurement Mode

The TOF measurement mode is selected by setting the MEAS_MODE bit in the CONFIG_2 register to 0. The
type of TOF measurement mdoe can be selected with the TOF_MEAS_MODE field in the CONFIG_2 register.
Table 3 lists the available TOF measurement modes with their corresponding channel assignments.

Table 3. TOF Measurement Modes

TOF_MEAS_MODE CH_SEL EXT_CHSEL Active TX Channel | Active RX Channel

Channel 1 0 0 TX1 RX2

Mode 0 00
Channel 2 1 0 TX2 RX1
Channel 1 0 0 TX1 RX1

Mode 1 01
Channel 2 1 0 TX2 RX2
Channel 1 0 0 Based on state machine and CH_SWP bit

Mode 2 10 - -
Channel 2 1 0 Based on state machine and CH_SWP bit

Reserved 11 Reserved
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8.4.1.1 ModeO

Mode 0 is intended for Level and Fluid Identification Measurements applications. The TDC1000 associates each
transducer to complementary TX and RX channels. The transmit/receive pair “TX1/RX2" will act as both
transmitter and receiver for a measurement if CH_SEL = 0 in the CONFIG_2 register. The transmit/receive pair
“TX2/RX1" will act as both transmitter and receiver for the measurement if CH_SEL = 1.

The TDC1000 performs a single TOF measurement after receiving a trigger signal and returns to the SLEEP
mode when the measurement is complete.

8.4.1.2 Mode1l

In Mode 1 the TDC1000 associates each transducer to a single TX and RX channels. The transmit/receive pair
"TX1/RX1" will act as both transmitter and receiver for a measurement if CH_SEL = 0. The transmit/receive pair
"TX2/RX2" will act as both transmitter and receiver for the measurement if CH_SEL = 1.

The TDC1000 performs a single TOF measurement (one direction) and returns to the SLEEP mode when the
measurement is complete.

8.4.1.3 Mode 2

Mode 2 is intended for transit time water flow metering applications (see Water Flow Metering). In this mode, the
channel definitions are the same as for Mode 1: Channel 1 = "TX1/RX1" and Channel 2 = "TX2/RX2". The
TDC1000 will perform one TOF measurement and go into READY state waiting for the next trigger signal.

Mode 2 supports averaging cycles and automatic channel swap. The averaging mode is active if NUM_AVG > 0
and allows for the stopwatch or MCU to perform the average of multiple TOF measurement cycles. In this mode,
the device performs a TOF measurement on one channel (direction) for every trigger pulse until the averaging
count is reached, and if CH_SWP = 1, it will automatically swap channels and perform a TOF measurement on
the other channel (direction) for every trigger pulse until the averaging count is reached.

The number of averages is controlled with the NUM_AVG field found in the CONFIG_1 register. Channel
swapping is controlled with the CH_SWP bit in the CONFIG_2 register. The EXT_CHSEL bit in the CONFIG_2
register must be 0 for automatic channel swap to work. If EXT_CHSEL is 1, the active channel selection is
controlled manually with the CHSEL pin.

NOTE
If an echo measurement times out in averaging mode (indicated by the error flags or
ERRB pin), the state machine should be reset and the error flags should be cleared. The
state machine can be cleared by writing a 1 to bit [1] of the ERROR_FLAGS register and
the error flags can be cleared by writing a 1 to bit [0] of the ERROR_FLAGS register. After
completing these steps, the averaged measurement should be restarted.

8.4.2 State Machine

A state machine in the TDC1000 manages the operation of the various measurement modes (see Figure 28). At
power-on, the state machine is reset and most blocks are disabled. After the power-on sequence is complete, the
device goes into SLEEP mode if the EN pin is low or into READY mode if the EN pin is high. In the SLEEP or
READY state, the TDC1000 is able to receive SPI commands to set registers and configure the device for a
measurement mode.

NOTE
Although the SPI block is always active, it is not recommended to perform configuration
changes while the device is active. Configuration changes should be performed while the
device is in the SLEEP state or in the READY state.

If the EN pin is high and a trigger signal is received, the state machine will begin the execution of the configured
measurement. If the device is configured in Mode O or Mode 1, the state machine will return to the SLEEP state
after the measurement is completed. If the device is configured in Mode 2, the state machine returns to the
READY state and waits for the next trigger to continue with the next measurement.
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The device can be forced to exit a measurement by applying a logic high on the RESET pin high or a logic low
on the EN pin.

i
| swReset
EN=Low HW Reset

¥

Timeout=1

Vs
P» SLEEP state ERROR_FLAGS register (0x07):

TOF_MEAS_MO

DE = Oh (Mode 0)
=1h (Mode 1)
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Simplified TDC1000 State Machine Diagram
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8.4.3 TRANSMIT Operation

8.4.3.1 Transmission Pulse Count

The number of TX pulses generated by the TDC1000 to drive an ultrasonic transducer is programmable using
the NUM_TX field located in the CONFIG_O register.

8.4.3.2 TX 180° Pulse Shift

As shown in Figure 29, the transmitter block can add a 180° shift at a position in the TX signal. The position of
the pulse shift is set by the TX _PH_SHIFT_POS field in the CONFIG_4 register and allows generating a specific
signal pattern.

Generation of 180° burst
for Tx Signature

Figure 29. Transmitter Pulse Signature, 180° Burst

As shown in Figure 30, enabling the TX 180° pulse shift has the effect of decreasing the number of transmitted
pulses by 1.

Normal Operation:
NUM_TX = 0x07
TX_PH_SHIFT_POS = 0x1F

180° Shift:
NUM_TX = 0x07
TX_PH_SHIFT_POS = 0x03

Pos. 0 Pos. 1 Pos. 2 Pos. 3 Pos. 4 Pos. 5 Pos. 6

Figure 30. Transmitter Pulse Signature

In some cases, the 180° pulse shift may help improving the turn-off time of a transducer, and thus suppress the
transmit ringing.

The 180° pulse shift is disabled by setting TX_PH_SHIFT_POS to position 31. Setting the 180° pulse shift to
positions 0 or 1 is not recommended.

8.4.3.3 Transmitter Damping

The transmitter damping feature allows for improved control over the transducer signal generation. Damping
extends the duration of the last TX pulse to help dissipate ringing and improve the transducer's turn-off time (see
Figure 31 and Figure 32). The accuracy of measurements can be improved by having a faster transducer turn-off
time. Damping is controlled with the DAMPING bit in the CONFIG_2 register.

Damping extends the duration of

the last pulse to dissipate ringing \

Figure 31. Transmitter Damping (5 Tx Pulses With a Damping Pulse)
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Figure 32. Transmitter Damped Echo

There are two invalid use combinations of the damping feature that may result in unexpected behavior. First,
damping should not be combined with the 180° pulse shift described in the previous section. Second, damping
should not be enabled if the number of TX pulses is set to 31.

8.4.4 RECEIVE Operation

8.4.4.1 Single Echo Receive Mode

Single Echo mode is suitable for concentration measurements and flow metering applications. The device can be
configured for Single Echo mode by setting the RECEIVE_MODE bit to 0 in the CONFIG_4 register. In Single
Echo mode, the device will generate STOP pulses for every zero-cross qualified by the threshold comparator, up
to the number of expected STOP events configured in the NUM_RX field in the CONFIG_1 register.

The threshold comparator qualifies the next zero-cross after an RX amplitude smaller than the programmed
threshold voltage is detected. The zero-cross detector will provide output pulses corresponding to the rising edge
of the received signal crossing the Vcoy level, as shown in Figure 33. The threshold voltage can be set in the
ECHO_QUAL_THDL field in the CONFIG_3 register.

Zero-crossing detected after
threshold exceeded

. \
/\/\‘/\ \*/\/\/\
o] ¥ TRTRTATY.

e ATATAT V
Sl AT

L L L

STOP pin

VCOM

Maximum number of requested events (5 in this figure)
returned; subsequent events not reported

Figure 33. Single Echo Receive Mode (5 STOP Events)
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If the number of expected pulses programmed in NUM_RX is not received or the time-of-flight operation times
out, the TDC1000 will indicate an error condition in the ERROR_FLAGS register and will set the ERRB pin low.

8.4.4.2 Multiple Echo Receive Mode

The Multiple Echo mode is intended for use in level sensing applications and distance/displacement
measurements in which multiple echoes (burst) are received. In this condition, each received echo group will be
treated as a single pulse on the STOP pin. Up to 7 STOP pulses can be generated based on the value of the
NUM_RX field in the CONFIG_1 register. Multi echo mode can be enabled by setting the RECEIVE_MODE bit to
1 in the CONFIG_4 register. A representation of multiple echo STOP pulse generation is shown in Figure 34.

COMPIN
~ A
v A vhn Mn A A hv A
com \ UM WV “ V |
Programmed
threshold
Output on A
STOP pin %
No pulse on S_TOP _ No pulse on STOP pin because %
pin because signal did not maximum number of programmed events
exceed threshold (5 in this example) already produced.

Figure 34. Multiple Echo Receive Mode (5 STOP Events)

The rising edge of a STOP pulse is generated by a zero-crossing event. As in the Single Echo Receive Mode,
the threshold comparator qualifies the next zero-cross after an RX amplitude smaller than the programmed
threshold voltage is detected. The STOP pulse will extend until a zero-cross after the RX amplitude is no longer
smaller than the threshold voltage (see Figure 35).

Signal zero-crossing without
Zero-crossing detected exceeding threshold
after threshold exceeded

STV

mvv\/ AY

Programmed

threshold =4 V U v \/ U V

Signal exceeds
threshold

Output on
STOP pin

Figure 35. Multiple Echo Receive Mode (Zoom-in)

If the number of expected pulses programmed in NUM_RX is not received or the time-of-flight operation times
out, the TDC1000 will indicate an error condition in the ERROR_FLAGS register and will set the ERRB pin low.
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8.4.5 Timing

8.4.5.1 Timing Control and Frequency Scaling (CLKIN)
0x09[2] — CLOCKIN_DIV

!

> - 2CLOCKIN_DIV _fO > TO :fi

0
CLKIN fCLKIN_“

" 1
[ . o™X FREQDIV+1 [ f—pT1 = f_
1

0x00[7:5] —- TX_FREQ_DIV

Figure 36. External Clock Division Tree

All transmit and receive function sequencing is synchronous to the external clock applied to the CLKIN pin. The
external clock is divided to generate two internal clocks with corresponding time periods denoted as TO and T1 in
Figure 36. The division factor used to generate TO is controlled with the CLOCKIN_DIV bit in the CLOCK_RATE
register. The division factor used to generate T1 is controlled with the TX FREQ_DIV field located in the
CONFIG_O register.

The SPI block is synchronous with the clock applied to the SCLK pin, and it is independent of the clock applied
to CLKIN. See the Serial Peripheral Interface (SPI) section for a complete description of the SPI block.

8.4.5.2 TX/RX Measurement Sequencing and Timing

The TDC1000 automatically sequences the TX and RX functionality. After receiving a pulse edge on the
TRIGGER pin, the TDC1000 resynchronizes to the CLKIN signal, and sends a TX burst. During the transmission
burst, the RX path is set to the alternate channel to minimize coupled noise.

During resynchronization, the trigger and START edges are aligned to the negative edge of the external clock.
The time between trigger and START is equal to 3 TO periods plus 2 or 3 T1 periods, depending on the phase
between the received trigger pulse and the external clock. For example, if fo «n = 8 MHz and TX_FREQ_DIV =
0h2 (divide-by-8), the period TO is 125 ns and the period T1 is 1 us, resulting in a time of 2.375 ps or 3.375 us
between the received trigger signal and the generated START pulse.

The trigger edge polarity is configured to rising edge by default, but it can be changed to falling edge by setting
the TRIG_EDGE_POLARITY bit in the CONFIG4 register to 1.

After a device reset, the system must wait a determined time before sending the next trigger signal. The typical
reset to trigger wait time is 3 x T1 + (50 ns).

8.4.6 Time-of-Flight (TOF) Control

The possible configurations of the TX/RX sequencing during a time-of-flight measurement can be divided into
three cases: Short TOF Measurement, Standard TOF Measurement and Standard TOF Measurement with
Power Blanking. Overall, the cases differ in the order of sequencing, power saving and echo listening windows.
The behavior of each case is described in the sections to follow.
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8.4.6.1 Short TOF Measurement
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: : : : : [ Avaiog on
TRIG [€ » (see Note A) | | | |
. L | L ! ! . : _
: : : : : [ Echo listen period
| | | | | |
| | | | | |
\ \ \ \ \ \
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| L L L '
| | | | | |
| | | | | | |
| | | | | | |
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| | | | | | |
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| | | | | | |
| | | | | | |
READY COMMON-MODE AUTOZERO TRANSMIT MASK ECHO LISTEN END | READY
128 x TO AUTOZERO_PERIOD % 64 x TO NUM_TX x T1 2SHORT_TOF_BLANK_PERIOD 8 x TQ | 2TOF_TIMEOUT CTRLy 128 x TO | 1 x T1

A. Clock alignment (see TX/RX Measurement Sequencing and Timing)

B. If NUM_TX < 3, the width of the START pulse is equal to NUM_TX x T1. If NUM_TX 2 3, the width of the START
pulse is equal to 3 x T1.

C. Common-mode settling time.

Figure 37. Short TOF Measurement

In a short time of flight measurement, the RX path is activated before the TX burst, as shown in Figure 37. The
input MUX is automatically swapped to the alternate receive channel before and during the TX burst. Swapping
the input prevents the TX burst from being amplified in the RX path. After the TX burst, the input MUX remains
switched to the alternate channel for a masking period determined by the SHORT_TOF_BLANK_PERIOD field in
the TIMEOUT register. Masking the RX path avoids the issue of amplifying the transducer's residual TX ringing in
the RX path.

The short TOF is the default measurement sequence selected at power-on. The short TOF measurement is
selected if the value of the TIMING_REGJ9:0] field is less than 30, or if the FORCE_SHORT_TOF bit is set to 1.
The TIMING_REG[9:0] is a 10-bit wide field, with its 2 most significant bits located in the TOF_1 register, and the
8 least significant bits located in the TOF_0 register. The FORCE_SHORT_TOF bit is located in the TIMEOUT
register.

The comparator's input offset is stored in an internal capacitor during the auto-zero period. The length of the
auto-zero period is controlled by the AUTOZERO_PERIOD field in the CLOCK_RATE register.

The length of the window when the comparators are able to qualify and generate STOP pulses is configured by
the TOF_TIMEOUT_CTRL field. A timeout will occur if the number of expected pulses is not received during the
allocated time and an error condition is reported to the ERROR_FLAGS register and the ERRB pin. It is possible
to disable the echo timeout (see TOF Measurement Interval). The TOF_TIMEOUT_CTRL field is located in the
TIMEOUT register.

See the Timing Control and Frequency Scaling (CLKIN) section for the definition of the time periods TO and T1.
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8.4.6.2 Standard TOF Measurement
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A. Clock alignment (see TX/RX Measurement Sequencing and Timing)

B. If NUM_TX < 3, the width of the START pulse is equal to NUM_TX x T1. If NUM_TX 2 3, the width of the START
pulse is equal to 3 x T1.

C. Common-mode settling time.

Figure 38. Standard TOF Measurement

In a standard time of flight measurement, the RX path is activated after the TX burst is completed, as shown in
Figure 38.

The standard TOF measurement sequence is enabled if the value of the TIMING_REG field is greater than or
equal to 30, and only if the FORCE_SHORT_TOF bit is set to 0. The TIMING_REG is a 10-bit wide field, with its
2 most significant bits located in the TOF_1 register, and the 8 least significant bits located in the TOF_0 register.
The FORCE_SHORT_TOF bit is located in the TIMEOUT register.

The comparator's input offset is stored in an internal capacitor during the auto-zero period. The length of the
auto-zero period is controlled by the AUTOZERO_PERIOD field in the CLOCK_RATE register.

The length of the window when the comparators are able to qualify and generate STOP pulses is configured by a
combination of the TIMING_REG field and the TOF_TIMEOUT_CTRL field. With the addition of the
TIMING_REG in the calculation, the standard TOF measurement allows for a longer wait time and listening
window. A timeout will occur if the number of expected pulses is not received during the allocated time and an
error condition is reported to the ERROR_FLAGS register and the ERRB pin. It is possible to disable the echo
timeout (see TOF Measurement Interval). The TOF_TIMEOUT_CTRL field is located in the TIMEOUT register.

NOTE
If the FORCE_SHORT_TOF bit = 1, the measurement sequencing will behave as a Short
TOF Measurement, thus overriding the setting of the TIMING_REG field.
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8.4.6.3 Standard TOF Measurement with Power Blanking
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A. Clock alignment (see TX/RX Measurement Sequencing and Timing)

B. If NUM_TX < 3, the width of the START pulse is equal to NUM_TX x T1. If NUM_TX 2 3, the width of the START
pulse is equal to 3 x T1.

C. Common-mode settling time.

Figure 39. Standard TOF Measurement with Blanking Enabled

The power blanking sequence is a variation to the standard TOF measurement sequence, and can be enabled
by setting the BLANKING bit to 1. In addition, all other conditions described in the Standard TOF Measurement
should be met. The BLANKING bit can be found in the CONFIG_3 register.

Power blanking allows the device to remain in a low-power state while the TX signals propagate to the RX
transducer in situations when the expected time-of-flight is long. Power blanking uses the TIMING_REG to
control a wait time between the transmit sequence and the receive sequence, during which, the complete RX
chain is disabled, as shown in Figure 39. The TIMING_REG is a 10-bit wide field, with its 2 most significant bits
located in the TOF_1 register, and the 7 least significant bits located in the TOF_0 register.

8.4.6.4 Common-mode Reference Settling Time

The duration of the common-mode settling time is defined by the VCOM capacitor. With a 10-nF VCOM
capacitor, the common-mode reference requires 16 us to settle. On the other hand, the duration of the common-
mode settling window is defined as 128 x TO, where the time unit TO is determined by the external clock
frequency and the value of the CLOCKIN_DIV bit, as explained in the Timing Control and Frequency Scaling
(CLKIN) section.

A frequency of 8 MHz will result in a settling window of 128 x 1 / 8 MHz, which equals to 16 ps. Increasing the
value of the VCOM capacitor will increase the common-mode settling time, but for the same 8-MHz frequency,
the duration of the common-mode settling window will remain at 16 ps. In such situation, the common-mode
reference will take multiple TOF cycles to reach its final value when starting from zero initial conditions.

8.4.6.5 TOF Measurement Interval

The comparators in the TDC1000's RX path can qualify and generate STOP pulses from a received echo within
an interval set by the TOF_TIMEOUT_CTRL field in the TIMEOUT register. The listening interval can be
extended in the standard TOF measurement (without blanking) by a period controlled with the TIMING_REG field
(see Standard TOF Measurement).
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If the number of STOP events programmed in the NUM_RX field is not received within the listening interval, a
timeout event will occur and the device will return to the READY state. In addition, an error will be reported to the
ERROR_FLAGS register and the ERRB pin will be driven low.

The echo timeout can be disabled by setting the ECHO_TIMEOQOUT bit to 1 in the TIMEOUT register. If the echo
timeout is disabled, the device will not exit from the receive state until the expected number of STOP events set
in NUM_RX occur. If the number of events does not occur, the device can be forced out of the receive state by
writing a value of 0x03 to the ERROR_FLAGS register, or by de-asserting the EN pin, or asserting the RESET

pin.

NOTE
Writing a logic 1 to bit [1] of the ERROR_FLAGS register clears the state machine. Writing
a logic 1 to bit[0] clears the error flags.

NOTE
It is not recommended to hold the RX in an active state for intervals longer than 100ms, as
the comparator auto-zero may no longer be accurate.

8.4.7 Averaging and Channel Selection

The TDC1000 supports averaging when configured in measurement Mode 2 (see Time-of-Flight Measurement
Mode). Averaging is controlled with the NUM_AVG field located in the CONFIG_1 register. In Mode 2, the
TDC1000 will remain on the channel indicated by CH_SEL for 2NYM-AVG trigger cycles. If CH_SWP is enabled in
the CONFIG_2 register, the TDC1000 will automatically swap the active channel and repeat the averaging cycle.

NOTE
If the bit [1] in the ERROR_FLAGS register is written to 1, the TDC1000 will reset its
internal averaging counter and the software channel selection.

8.4.8 Error Reporting

The TDC1000 will report an error when the receive signals do not match the expected configuration. The ERRB
pin will go low to indicate the presence of an error condition. Reading the ERROR_FLAGS register provides
information about the condition(s) that caused the error.

The ERR_SIG_WEAK bit indicates that the number of received and qualified zero-crossings was less than the
expected number set in the NUM_RX register field and a timeout occurred. This error is cleared when bit [0] is
written to 1.

The ERR_NO_SIG bit indicates that no signals were received and a timeout occurred. Writing a 1 to this bit
resets the state machine, halts active measurements and returns the device to SLEEP or READY mode and
resets the average counter and automatic channel selection in measurement Mode 2. This error is cleared when
bit [0] is written to 1.

The ERR_SIG_HIGH bit indicates that the received echo amplitude exceeds the largest echo qualification
threshold at the input of the comparators. The ERR_SIG HIGH error is only reported when the
ECHO_QUAL_THDL register field is set to 7h. Writing a 1 to this bit will reset all the error flags and reset the
ERRB pin to high.

NOTE
It is recommended to reset the state machine when the error flags are cleared. This can
be done simultaneously by writing a value of 0x03 to the ERROR_FLAGS register.
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8.5 Programming

8.5.1 Serial Peripheral Interface (SPI)

The serial interface consists of serial data input (SDI), serial data output (SDO), serial interface clock (SCLK) and
chip select bar (CSB). The serial interface is used to configure the TDC1000 parameters available in various
configuration registers. All the registers are organized into individually addressable byte-long registers with a
unique address.

The communication on the SPI bus normally supports write and read transactions. A write transaction consists of
a single write command byte, followed by single data byte. A read transaction consists of a single read command
byte followed by 8 SCLK cycles. The write and read command bytes consist of 1 reserved bit, a 1-bit instruction,
and a 6-bit register address. Figure 40 shows the SPI protocol for a transaction involving one byte of data (read
or write).

CSB

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16

COMMAND FIELD DATA FIELD

SDI

\-— ! i

| | | |

resvd | RW ! Address (6 bits) ! Write Data (8-bits) !

i

MSB LSB |

i

|

|

R/W = Instruction Read Data (8-bits) !
0: Read
1: Write

Note: Specifying any value other than zero in bit[7] of the command byte is prohibited.

Figure 40. SPI Protocol

8.5.1.1 Chip Select Bar (CSB)

CSB is an active-low signal and needs to be low throughout a transaction. That is, CSB should not pulse
between the command byte and the data byte of a single transaction.

De-asserting CSB always terminates an ongoing transaction, even if it is not yet complete. Re-asserting CSB will
always bring the device into a state ready for the next transaction, regardless of the termination status of a
previous transaction.

8.5.1.2 Serial Clock (SCLK)

SCLK can idle high or low. It is recommended to keep SCLK as clean as possible to prevent glitches from
corrupting the SPI frame.

8.5.1.3 Serial Data Input (SDI)
SDI is driven by the SPI master by sending the command and the data byte to configure the AFE.

8.5.1.4 Serial Data Output (SDO)
SDO is driven by the AFE when the SPI master initiates a read transaction.
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8.6 Register Maps

NOTE
» Reserved bits must be written to 0 unless otherwise indicated.
» Read-back value of reserved bits and registers is unspecified and should be discarded.

* Recommended values must be programmed and forbidden values must not be
programmed where they are indicated to avoid unexpected results.

8.6.1 TDC1000 Registers

Table 4 list the memory-mapped registers for the TDC1000. All register addresses not listed in Table 4 should be
considered as reserved locations and the register contents should not be modified.

Table 4. TDC1000 REGISTERS

Address (Hex)  Acronym Register Name Reset Value Section
Oh CONFIG_0 Config-0 45h See here
1lh CONFIG_1 Config-1 40h See here
2h CONFIG_2 Config-2 Oh See here
3h CONFIG_3 Config-3 3h See here
4h CONFIG_4 Config-4 1Fh See here
5h TOF_1 TOF-1 Oh See here
6h TOF_0 TOF-0 Oh See here
7h ERROR_FLAGS Error Flags Oh See here
8h TIMEOUT Timeout 19h See here
9h CLOCK_RATE Clock Rate Oh See here

8.6.1.1 CONFIG_O Register (address = 0h) [reset = 45h] (map)
Figure 41. CONFIG_O Register

(MSB) 7 6 5 4 3 2 1 0 (LSB)
TX_FREQ_ DIV | NUM_TX
RIW-2h R/W-5h

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear

Table 5. CONFIG_0 Register Field Descriptions
Bit Field Type Reset Description

Frequency divider for TX clock and T1
Oh: Divide by 2

1h: Divide by 4

2h: Divide by 8 (default)

[7:5] TX_FREQ_DIV® RIW 2h 3h: Divide by 16

4h: Divide by 32

5h: Divide by 64

6h: Divide by 128

7h: Divide by 256

Number of TX pulses in a burst, ranging from 0 to 31.
5h: 5 pulses (default)

[4:0] |NUM_TX RIW 5h

(1) See Timing Control and Frequency Scaling (CLKIN) for the definition of the time period T1.
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8.6.1.2 CONFIG_1 Register (address = 1h) [reset = 40h] (map)
Figure 42. CONFIG_1 Register

(MSB) 7 6 5 4 3 2 1 0 (LSB)
RESERVED | NUM_AVG | NUM_RX
R/W-1h R/W-Oh R/W-Oh

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear
Table 6. CONFIG_1 Register Field Descriptions

Bit Field Type Reset Description
[7:6] RESERVED R/IW 1h 1h: Reserved (default)

Number of measurement cycles to average in stopwatch/MCU
Oh: 1 measurement cycle (default)

1h: 2 measurement cycles

2h: 4 measurement cycles

[5:3] NUM_AVG RIW Oh 3h: 8 measurement cycles

4h: 16 measurement cycles

5h: 32 measurement cycles

6h: 64 measurement cycles

7h: 128 measurement cycles

Number of expected receive events

Oh: Do not count events (32 STOP pulses output) (default)
1h: 1 event (1 STOP pulse output)

2h: 2 events (2 STOP pulses output)

[2:0] NUM_RX R/IW Oh 3h: 3 events (3 STOP pulses output)

4h: 4 events (4 STOP pulses output)

5h: 5 events (5 STOP pulses output)

6h: 6 events (6 STOP pulses output)

7h: 7 events (7 STOP pulses output)
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8.6.1.3 CONFIG_2 Register (address = 2h) [reset = 0h] (map)
Figure 43. CONFIG_2 Register
(MSB) 7 6 5 4 3 2 1 0 (LSB)
VCOM_SEL | MEAS MODE | DAMPING | CH SWP | EXT CHSEL | CH_SEL TOF_MEAS_MODE
R/W-Oh R/W-Oh R/W-Oh R/W-Oh R/W-Oh R/W-Oh R/W-Oh

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear
Table 7. CONFIG_2 Register Field Descriptions

Bit Field Type Reset Description

Common-mode voltage reference control
[7] VCOM_SEL RIW Oh Oh: Internal (default)

1h: External

AFE measurement type
[6] MEAS_MODE RIW Oh Oh: Time-of-flight measurement (default)
1h: Temperature measurement

TX burst damping
[5] DAMPING R/W Oh Oh: Disable damping (default)
1h: Enable damping

Automatic channel swap in Mode 2 of operation. The setting is
ignored if EXT_CHSEL = 1.

[4] CH_SWP RIW oOh _ :
Oh: Disable automatic channel swap (default)
1h: Enable automatic channel swap
External channel select by CHSEL pin

3] EXT_CHSEL RIW oh Oh: Disable external channel select (default).

1h: Enable external channel select

EXT_CHSEL = 1 overrides the CH_SWP and CH_SEL settings.
Active TX/RX channel pair.

Oh: Channel 1 (default)

[2] CH_SEL RIW Oh 1h: Channel 2

See Time-of-Flight Measurement Mode for channel definitions.
The setting is ignored if EXT_CHSEL = 1.

Time-of-flight measurement mode
Oh: Mode 0 (default)
[1:0] TOF_MEAS_MODE RIW Oh 1h: Mode 1

2h: Mode 2
3h: Reserved
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8.6.1.4 CONFIG_3 Register (address 3h) [reset = 3h] (map)
Figure 44. CONFIG_3 Register

(MSB) 7 6

5

4

3 2 1 0 (LSB)

RESERVED

| TEMP_MODE | TEMP_RTD SEL | TEMP CLK DIV | BLANKING | ECHO_QUAL_THLD

R/W-0h

R/W-0h

R/W-0h

R/W-0h

R/W-0h R/W-3h

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear
Table 8. CONFIG_3 Register Field Descriptions

Bit

Field

Type

Reset

Description

(71

RESERVED

R/IW

Oh

Oh: Reserved (default)

(6]

TEMP_MODE

R/IW

Oh

Temperature measurement channels
Oh: Measure REF, RTD1 and RTD2 (default)
1h: Measure REF and RTD1

(5]

TEMP_RTD_SEL

R/IW

Oh

RTD type
Oh: PT1000 (default)
1h: PT500

(4]

TEMP_CLK_DIV

R/IW

Oh

Clock divider for temperature mode
Oh: Divide by 8 (default)
1h: Use TX_FREQ_DIV

(3]

BLANKING

R/IW

Oh

Power blanking in standard TOF measurements. The blanking
length is controlled with the TIMING_REG field (see Standard
TOF Measurement with Power Blanking).

Oh: Disable power blanking (default)
1h: Enable power blanking

[2:0]

ECHO_QUAL_THLD

R/W

3h

Echo qualification DAC threshold level with respect to Vcom
Oh: =35 mV

1h: =50 mVvV

2h: =75 mVv

3h: =125 mV (default)

4h: =220 mV

5h: -410 mV

6h: =775 mV

7h: —1500 mV
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8.6.1.5 CONFIG_4 Register (address = 4h) [reset = 1Fh] (map)
Figure 45. CONFIG_4 Register
(MSB) 7 6 5 4 3 2 1 0 (LSB)
RECEIVE TRIG_EDGE
RESERVED VIODE POLARITY TX_PH_SHIFT_POS
R/W-0h R/W-0h R/W-0h R/W-1Fh

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear
Table 9. CONFIG_4 Register Field Descriptions

Bit Field Type Reset Description

[71 RESERVED RIW Oh Oh: Reserved (default)
Receive echo mode

[6] RECEIVE_MODE R/W Oh Oh: Single echo (default)
1h: Multi echo

Trigger edge polarity
[5] TRIG_EDGE_POLARITY R/W Oh Oh: Rising edge (default)

1h: Falling edge

TX 180° pulse shift position, ranging from 0 to 31.
[4:0] | TX_PH_SHIFT_POS RIW 1Fh 1Fh: Position 31 (default)

It is not recommended to set TX_PH_SHIFT_POS to 0 or 1.
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8.6.1.6 TOF_1 Register (address = 5h) [reset = Oh] (map)
Figure 46. TOF_1 Register

(MSB) 7 6 5 4 3 2 1 0 (LSB)
PGA_GAIN | PGA CTRL | LNACTRL | LNA FB TIMING_REG[9:8]
R/W-Oh R/W-Oh R/W-Oh R/W-Oh R/W-Oh

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear
Table 10. TOF_1 Register Field Descriptions

Bit Field Type Reset Description

PGA gain

Oh: 0 dB (default)
1lh: 3 dB

2h: 6 dB

[7:5] PGA_GAIN R/W Oh 3h:9dB

4h: 12 dB

5h: 15 dB

6h: 18 dB

7h: 21 dB

PGA control
[4] PGA_CTRL RIW Oh Oh: Active (default)

1h: Bypassed and powered off

LNA control
[3] LNA_CTRL RIW Oh Oh: Active (default)

1h: Bypassed and powered off

LNA feedback mode
[2] LNA_FB RIW Oh Oh: Capacitive feedback (default)
1h: Resistive feedback

TIMING_REG field's 2 most-significant bits (see Standard TOF
Measurement and Standard TOF Measurement with Power
Blanking)

Oh: O (default)

[1:0] | TIMING_REG[9:8] RIW oh

8.6.1.7 TOF_O Register (address = 6h) [reset = Oh] (map)
Figure 47. TOF_O Register

(MSB) 7 6 5 4 3 2 1 0 (LSB)
TIMING_REG[7:0]
R/W-Oh

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear

Table 11. TOF_O Register Field Descriptions
Bit Field Type Reset Description

TIMING_REG field's 8 least-significant bits (see Standard TOF
Measurement and Standard TOF Measurement with Power
Blanking)

0Oh: 0 (default)

[7:0] | TIMING_REG[7:0] RIW oh
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8.6.1.8 ERROR_FLAGS Register (address = 7h) [reset = 0h] (map)
Figure 48. ERROR_FLAGS Register
7 (MSB) 6 5 4 3 2 1 0 (LSB)
ERR ERR
RESERVED i WEAK | ERRINO_SIG | 5" iay,
R-Oh R-Oh R/W1C-0 R/W1C-0

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear
Table 12. ERROR_FLAGS Register Field Descriptions @

Bit Field Type Reset Description
[7:3] RESERVED R Oh Oh: Reserved (default)

1h: The number of received and qualified zero-crossings was
[2] ERR_SIG_WEAK R Oh less than the expected number set in NUM_RX field and a
timeout occurred.

1h: No signals were received and timeout occurred.

Writing a 1 to this field resets the state machine, halts active
measurements and returns the device to the SLEEP or READY
mode and resets the average counter and automatic channel
selection in measurement Mode 2.

[1] ERR_NO_SIG R/WIC |Oh

1h: The received echo amplitude exceeds the largest echo
qualification threshold at the input of the comparators. The error
[0] ERR_SIG_HIGH R/W1C Oh is only reported when ECHO_QUAL_THLD = 0x07.

Writing a 1 to this field will reset all the error flags and reset the
ERRB pin to high.

(1) Itis recommended to read the error status register or the ERRB pin before initiating a new measurement.
(2) All error flags should be cleared before initiating a new measurement.
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8.6.1.9 TIMEOUT Register (address = 8h) [reset = 19h] (map)

Figure 49. TIMEOUT Register

(MSB) 7 6 5 4 3 2 1 0 (LSB)
FORCE_ ECHO_
RESERVED | g\ or 7or SHORT_TOF_BLANK_PERIOD TIMEOUT TOF_TIMEOUT_CTRL
R/W-0h R/W-0h RIW-3h R/W-0h RIW-1h

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear
Table 13. TIMEOUT Register Field Descriptions

Bit Field

Type

Reset

Description

7] RESERVED

R/W

Oh

Oh: Reserved (default)

[6] FORCE_SHORT_TOF

R/IW

Oh

Short time-of-flight control
Oh: Disabled (default)
1h: Force a short time-of-flight measurement

[5:3] SHORT_TOF_BLANK_PERIOD®

R/W

3h

Short  time-of-flight Short

Measurement)

Oh: 8 x TO

1h: 16 x TO

2h: 32 x TO

3h: 64 x TO (default)
4h: 128 x TO

5h: 256 x TO

6h: 512 x TO

7h: 1024 x TO

blanking period (see

TOF

2] ECHO_TIMEOUT

R/IW

Oh

Echo receive timeout control (see TOF Measurement Interval)

Oh: Enable echo timeout (default)
1h: Disable timeout

[1:0] |TOF_TIMEOUT_CTRL®

R/W

1h

Echo listening window timeout (see TOF Measurement Interval)

Oh: 128 x TO

1h: 256 x TO (default)
2h: 512 x TO

3h: 1024 x TO

(1) See Timing Control and Frequency Scaling (CLKIN) for the definition of the time period TO.
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8.6.1.10 CLOCK_RATE Register (address = 9h) [reset = Oh] (map)

Figure 50. CLOCK_RATE Register

(MSB) 7 6 3 2 1 0 (LSB)
| CLOCKIN DIV | AUTOZERO_PERIOD
R/W-0h R/W-0h

LEGEND: R/W = Read or write; R = Read only; R/W1C = Read or write 1 to clear
Table 14. CLOCK_RATE Register Field Descriptions®

Bit

Field

Type

Reset

Description

[7:3]

RESERVED

R/IW

Oh

Oh: Reserved (default)

(2]

CLOCKIN_DIV®

R/IW

Oh

CLKIN divider to generate TO
Oh: Divide by 1 (default)

1h: Divide by 2

[1:0]

AUTOZERO_PERIOD®

R/W

Oh

Receiver auto-zero period
Oh: 64 x TO (default)

1h: 128 x TO
2h: 256 x TO
3h: 512 x TO

(1) See Timing Control and Frequency Scaling (CLKIN) for the definition of the time period TO.
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9 Application and Implementation

NOTE
Information in the following applications sections is not part of the TI component
specification, and Tl does not warrant its accuracy or completeness. TI's customers are
responsible for determining suitability of components for their purposes. Customers should
validate and test their design implementation to confirm system functionality.

9.1 Application Information

The TDC1000 is an analog front-end for ultrasonic sensing applications. The device is typically used for the
driving and sensing of ultrasonic transducers to perform accurate time-of-flight measurements. Ultrasonic time-of-
flight sensing allows for fluid level measurements, fluid identification or concentration, flow measurements, and

proximity/distance sensing.

9.2 Typical Applications

9.2.1 Level and Fluid Identification Measurements

( )

TX2/RX1 ~r
A ¢

U

)

TX1/RX2
B

TDC1000 R

16-MHz CLK
OSsC

TRIGGER
«SPL_
ERRB

TMS320F28035
C2000 MCU

Figure 51. Level and Concentration Measurement Application Diagram
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Typical Applications (continued)
9.2.1.1 Design Requirements

Table 15. Design Parameters

DESIGN PARAMETER EXAMPLE VALUE
Fluid Level
Range 2-10cm
Fluid Identification
Accuracy 0.5% concentration variation
Distance 5.08 cm

9.2.1.2 Detailed Design Procedure

9.2.1.2.1 Level Measurements

For level sensing applications, the total time-of-flight (TOF) of the sound wave in the fluid is measured. The
pulses transmitted by transducer B travel through the fluid, typically from the bottom, to the surface of the fluid.
The discontinuity between the fluid and air generates a reflected wave which returns back to transducer B.

At the beginning of a measurement cycle, the transducer is connected to a transmit channel of the AFE, and the
transmit burst excites the transducer to generate an ultrasound wave. Synchronous to the TX burst, a START
pulse is generated by the TDC1000 to indicate the start of a measurement. After the transmission is completed,
and depending on the device configuration, the transducer is connected to a receive channel of the AFE.

When a valid echo is received, the TDC1000 generates a STOP pulse. Generation of multiple STOP pulses is
possible through register configuration of the device. The START and STOP signal times are compared to
determine the TOF.

The level of the fluid can be determined using the following equation:
TOF X ¢
2
where
e dis the fluid level in meters (m)

e TOF is the time-of-flight in seconds (s)
e cis the speed of sound in the fluid in meters per second (m/s) (6)
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Figure 52. Relation Between Transmit and Receive Pulses in Level Measurements

Level measurements have 2 main criteria: resolution and range (maximum height). Resolution accuracies of 1-2
mm are achievable but are impractical due to any environmental disturbances, such as tank vibrations, creating
millimeter level surface waves. Ranges of up to 1 m are measurable utilizing VDD level excitation pulses, but
surface disturbances and signal loss over longer distances make the reliable echo reception an issue. Greater
level measurement reception can be achieved by mechanical means (level guide tube) and/or electronic means
(level shifting the TX pulses to greater voltages; see TIDA-00322).

9.2.1.2.2 Fluid Identification

The TDC1000 can be used to measure the time-of-flight for a known distance to calculate the speed of sound
(Cmedium) In the fluid. This application utilizes the same circuitry as the level example but a transducer in a
different configuration connected to the second channel. In this example, the speed of sound in the fluid (Cyedium)
is measured by using transducer A.

The temperature can also be measured to compensate for the temperature variation of sound. With the known
distance, TOF and temperature, the speed of sound in the fluid can be determined and the identity of the
medium verified.
After measuring the time-of-flight for the fixed distance, the speed of sound can be calculated as follows:

2xd

Cmedium = W

where
*  Cmedium IS the speed of sound in the fluid in meters per second (m/s)
e dis the level in meters (m)
* TOF is the time of flight in seconds (s) @)
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The measurement process is identical to the level example above. The speed of sound can be used to uniquely
identify a variety of fluids. In this example, the concentration of diesel exhaust fluid (DEF) is measured with a
desired accuracy resolution of 0.5% of concentration variation. For most fluids, the speed of sound varies over
temperature, so every application will be different. In this example, all samples were all at ambient temperature of
23°C.

9.2.1.3 Application Curves

The data used in the following level and fluid identification graphs was collected using ultrasonic test cells. The
test cells are acrylic plastic containers with width of 2.54 cm and ultrasonic transducers attached to the outside
using cyanoacrylate glue. The transducers in this experiment are STEMINC 1MHz piezo electric ceramic discs
(SMD10T2R111). Equivalent transducers with the following characteristics could be used:

» Piezo material: SM111

» Dimensions: 10mm diameter x 2mm thickness

* Resonant frequency: 1050 kHz (thickness mode)
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Figure 53. Time-of-Flight for Fluid Height in Tank DEF 30.0% 1620.00
DEF 31.5% 1627.37
DEF 32.0% 1629.15
DEF 32.5% 1630.00

Figure 54. Speed of Sound for Various Fluids and Diesel
Exhaust Fluid (DEF) Concentration
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Figure 55. Speed of Sound in Distilled Water and Tap
Water
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Figure 56. Speed of Sound of Various Diesel Exhaust Fluid
(DEF) Concentrations
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9.2.2 Water Flow Metering

TX2/RX1
B A X2
TX1 STOP
el 1DC1000 TRIGGER TDC7200
RX2

SPI

MSP430 __ ENABLE
MCU < INT

Figure 57. Water Flow-meter Application Simplified Diagram

9.2.2.1 Design Requirements

The parameters in Table 16 are considered for this example.

Table 16. Design Parameters

DESIGN PARAMETER EXAMPLE VALUE
Pipe diameter 15 mm
Distance between transducers 60 mm
Minimum flow rate 0.015 m¥h
Accuracy at minimum flow rate 5%

9.2.2.2 Detailed Design Procedure

The design of flow-meters requires a thorough technical assessment of the system where the device will be
used. The following is a list of areas to consider:

Minimum and maximum flow rate at maximum allowable error in the system
Transitional flow rate

Instantaneous and total quantity pumped over time

Accuracy of the meter within prescribed limits per applicable standards
Pressure in the system

Operating temperature range

The appropriate ultrasonic sensor and the proper electronics for interfacing to the sensor are determined based
on the system requirements. The following is a list of specifications applicable to the senor/assembly used in the
system:

Excitation frequency

Excitation source voltage

Pipe diameter

Distance between the transducers (or reflectors)
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9.2.2.2.1 Regulations and Accuracy

If the flow meter is intended for residential applications, it must be designed to meet the required standards. For
example, per the INTERNATIONAL ORGANIZATION OF LEGAL METROLOGY (OIML), the metrological
requirements of water meters are defined by the values of Q1, Q2, Q3 and Q4, which are described in Table 17.

Table 17. Flow-rate Zones per OIML

FLOW-RATE ZONE DESCRIPTION
Q1 Lowest flow rate at which the meter is to operate within the maximum permissible errors.

Flow rate between the permanent flow rate and the minimum flow rate that divides the flow
Q2 rate range into two zones, the upper flow rate zone and the lower flow rate zone, each
characterized by its own maximum permissible errors.

Highest flow rate within the rated operating condition at which the meter is to operate within
the maximum permissible errors.

Q3

Highest flow rate at which the meter is to operate for a short period of time within the
Q4 maximum permissible errors, while maintaining its metrological performance when it is
subsequently operating within the rated operating conditions.

A water meter is designated by the numerical value of Q3 in m%h and the ratio Q3/Q1. The value of Q3 and the
ratio of Q3/Q1 are selected from the lists provided in the OIML standards.

Water meters have to be designed and manufactured such that their errors do not exceed the maximum
permissible errors (MPE) defined in the standards. For example, in OIML standards, water meters need to be
designated as either accuracy class 1 or accuracy class 2, according to the requirements.

For class 1 water meters, the maximum permissible error in the upper flow rate zone (Q2 < Q < Q4) is £1%, for
temperatures from 0.1°C to 30°C, and +2% for temperatures greater than 30°C. The maximum permissible error
for the lower flow-rate zone (Q1 < Q < Q2) is £3%, regardless of the temperature range.

For class 2 water meters, the maximum permissible error for the upper flow rate zone (Q2 < Q < Q4) is +2%, for
temperatures from 0.1°C to 30°C, and +3% for temperatures greater than 30°C. The maximum permissible error
for the lower flow rate zone (Q1 < Q < Q2) is £5% regardless of the temperature range.

The flow meter accuracy specified in the standards dictates the required accuracy in the electronics used for
driving the ultrasonic transducers, circuits in the receiver path, and time measurement sub circuits. The stringent
accuracy required at lower flow rates would require a very low noise signal chain in the transmitter and receiver
circuits used in ultrasonic flow meters, as well as the ability to measure picosecond time intervals.

9.2.2.2.2 Transit-Time in Ultrasonic Flow-Meters

Transit-time ultrasonic flow meters works based on the principle that sound waves in a moving fluid travel faster
in the direction of flow (downstream), and slower in the opposite direction of flow (upstream).

The system requires at least two transducers. The first transducer operates as a transmitter during the upstream
cycle and as a receiver during the downstream cycle, and the second transducer operates as a receiver during
the upstream cycle and as a transmitter during the downstream cycle. An ultrasonic flow meter operates by
alternating transmit and receive cycles between the pair of transducers and accurately measuring the time-of-
flight both directions.
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In this example, the upstream TOF is defined as:

where

c is the speed of sound in water in meters per second (m/s)

In this example, the downstream TOF is defined as:

l
tap = (c+v)
where

| is the path length between the two transducers in meters (m)

c is the speed of sound in water in meters per second (m/s)

48

>
tas
Figure 58. Relation Between Transmit and Receive Pulses Upstream/Downstream

| is the path length between the two transducers in meters (m)

v is the velocity of the water in the pipe in meters per second (m/s)

®)

v is the velocity of the water in the pipe in meters per second (m/s)

)
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The difference of TOF is defined as:
ATOF = tBA - tAB

where
e tga is the upstream TOF from transducer B to transducer A in seconds (S)
e tag is the downstream TOF from transducer A to transducer B in seconds (s) (10)

After the difference in time-of-flight (ATOF) is calculated, the water velocity inside the pipe can be related to the
ATOF using the following equation:

ATOF x c?
vV=——
2xl
where
e cis the speed of sound in water in meters per second (m/s)
* lis the path length between the two transducers in meters (m) (12)

Finally, the mass flow rate can be calculated as follows:
Q=kxvxA

where
* ks the flow-meter constant
e vis the velocity of the water in the pipe in meters per second (m/s)
« Alis the cross-section area of the pipe in meters-squared (m?) (12)

9.2.2.2.3 ATOF Accuracy Requirement Calculation

Based on the minimum mass flow requirement and accuracy requirements in Table 16, the ATOF accuracy
needed can be calculated as follows:

1. Convert the mass flow rate to m®/s:
h’ 6 3
) =4.167x10°m> /s

— 3
0 = (0.015m /h)(36005

2. Calculate the flow velocity assuming k = 1:
Q 4.167x107°m?/s

vV=—= = 0.0236m/s
kA (0.015 m)2 /
T2
3. Calculate the ATOF for the given speed of sound. In this example, a speed of sound ¢ = 1400 m/s is

assumed:
2x1xv (2)(0.06 m)(0.0236 m/s)

c? 1400 m/s?
4. The requirement of 5% accuracy for minimum flow will result in a ATOF accuracy of:
ATOE,,,,, = (0.05)(1.445 ns) = 72.25 ps

ATOF = = 1.445ns

For this reason, this system requires a high accuracy timer/stopwatch that can measure the lower flow rate state.

9.2.2.2.4 Operation

The TDC1000 is used to drive the transmitter, amplify and filter the received signal and conditioning the echo for
START and STOP pulse generation. The TDC7200 ps-accurate timer is used to measure the time interval
between the rising edge of the START pulse and the rising edge of the STOP pulse produced by the TDC1000.

The microcontroller should first configure the TDC7200 and the TDC1000 for the measurement. When the
microcontroller issues a start command to the TDC7200 via the SPI interface, the TDC7200 sends a trigger pulse
to the TRIGGER pin of the TDC1000. When the TDC1000 drives the transmit transducer, a synchronous START
pulse is produced on the START pin, which commands the TDC7200 to start its counters. When a valid echo
pulse is received on the receive transducer, the TDC1000 generates a STOP pulse on the STOP pin, which
commands the TDC7200 to stop its counters. This procedure is repeated for the upstream and downstream
cycles.
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A temperature measurement can be performed and the result can be used to correct for temperature
dependency of the speed of sound.

9.2.2.3 Application Curves

The following figures show data and histograms created with data collected under a zero flow condition at room
temperature. A simple offset calibration has been applied, where the overall average of the data is subtracted
from the data.

Q7 97 Q7 o7 O
Delta time-of-flight (ns)
Figure 60. Raw Calibrated Data Histogram

0.4
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0.3 I —— 10x running average
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Figure 59. Calibrated Raw and Averaged Delta Time-of-Flight Data
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Figure 61. 10x Running Average Data Histogram
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10 Power Supply Recommendations

The analog circuitry of the TDC1000 is designed to operate from an input voltage supply range between 2.7V
and 5.5V. It is recommended to place a 100nF ceramic bypass capacitor to ground as close as possible to the
VDD pins. In addition, an electrolytic or tantalum capacitor with value greater than 1pF is recommended. The
bulk capacitor does not need to be in close vicinity with the TDC1000 and could be close to the voltage source
terminals or at the output of the voltage regulators powering the TDC1000.

The 10 circuitry of the TDC1000 is designed to operate from an input voltage supply range between 1.8V and
5.5V. The 10 voltage supply (V|o) can be lower than the analog voltage supply (Vpp), but it should not exceed it.
It is also recommended to place a 100nF ceramic bypass capacitor to ground as close as possible to the VIO
pin. If a separate source or regulator is used for VIO, an additional electrolytic or tantalum capacitor with value
greater than 1pF is recommended.

In some cases an additional 10uF bypass capacitor may further reduce the supply noise.
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11 Layout

11.1 Layout Guidelines

* In a 4-layer board design, the recommended layer stack order from top to bottom is: signal, ground, power
and signal.

» Bypass capacitors should be placed in close proximity to the VDD and VIO pins.

* The length of the START and STOP traces from the DUT to the stopwatch/MCU should be matched to
prevent uneven signal delays. Also, avoid unnecessary via-holes on these traces and keep the routing as
short/direct as possible to minimize parasitic capacitance on the PCB.

e Match the length of the TX pair from the DUT to the transducers to prevent uneven signal delays from one
channel direction to the other.

« Match the length of the RX pair from the transducers to the DUT to prevent uneven signal delays from one
channel direction to the other.

» Match the length (or resistance) of the traces leading to the RTD sensors. PCB series resistance will be
added in series to the RTD sensors.

* Route the SPI signal traces close together. Place a series resistor at the source of SDO (close to the DUT)
and series resistors at the sources of SDI, SCLK and CSB (close to the master MCU).

11.2 Layout Example

Matched TX pair length to transducers VIA to Ground Plane

Matched RX pair length from transducers
P g VIA to Bottom or Internal Layer

Top Layer
|:|| N\ = GND Bottom Layer

~—
=

—
(D)

i3

T T,
RXZ[| 1 | X1
GND Rx2[ | ] TX2 eAAA~e System Clock
o Feveom[— Jow
CIND e LNAOUT| | | Jcikin
RTD1 o e PGAIN[ | [ IVBD. e |
a2 - PGAOUT[ | 3 [ lvop e | U=
—e COMPIN|[ | Q [ [vio: e |
To RTDs: Match trace RTD1 C 3 ZSDO "’\N\I"
length (resistance) RTD2[ | © | |sbi LA MCU
SAM\-eRRER [ | | esB i ~MA\~e [ SPIMaster
GND T CHSEL[ | | |sck 1 AW\~
RTD2 TERRB[ | [ |RESET: MCU
P START [ | |TRIGGER: 1/Os
STOP E j EN Trigger:stop
watch/MCU
Matched
trace
N :lL length to
MCU stopwatch
1/0s /McU

Figure 62. TDC1000 Board Layout (Capacitive Feedback Mode)
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12.7 Glossary

SLYZ022 — TI Glossary.
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
@) Drawing Qty @ ©) @ (/5)
TDC1000PW ACTIVE TSSOP PW 28 48 Green (RoHS CU SN Level-1-260C-UNLIM -40to 125 TDC1000PW Samples
& no Sh/Br)
TDC1000PWR ACTIVE TSSOP PW 28 2500  Green (RoHS CU SN Level-1-260C-UNLIM -40to 125 TDC1000PW Samples
& no Sh/Br)
TDC1000QPWQ1 ACTIVE TSSOP PW 28 48 Green (RoHS CU SN Level-1-260C-UNLIM -40to 125 TDC1000 Samples
& no Sh/Br) PWQ1
TDC1000QPWRQ1 ACTIVE TSSOP PW 28 2500 Green (RoHS CU SN Level-1-260C-UNLIM -40 to 125 TDC1000 Samnles
& no Sb/Br) PWQ1 P

@ The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sb/Br) - please check http://www.ti.com/productcontent for the latest availability

information and additional product content details.
TBD: The Pb-Free/Green conversion plan has not been defined.

Pb-Free (RoHS): TI's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements for all 6 substances, including the requirement that
lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, Tl Pb-Free products are suitable for use in specified lead-free processes.
Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and package, or 2) lead-based die adhesive used between

the die and leadframe. The component is otherwise considered Pb-Free (RoHS compatible) as defined above.

Green (RoHS & no Sb/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight

in homogeneous material)
® MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.

@ There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If a line is indented then it is a continuation

of the previous line and the two combined represent the entire Device Marking for that device.

® Lead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish

value exceeds the maximum column width.
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Important Information and Disclaimer: The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.

OTHER QUALIFIED VERSIONS OF TDC1000, TDC1000-Q1 :
o Catalog: TDC1000

o Automotive: TDC1000-Q1

NOTE: Qualified Version Definitions:

o Catalog - Tl's standard catalog product

o Automotive - Q100 devices qualified for high-reliability automotive applications targeting zero defects
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO
i |
& go W
Reel | | l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
T Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O QfSprocket Holes
|
T
Q1 : Q2
H4-—-—
Q3 1 Q4 User Direction of Feed
[ 4
T
=
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant

(mm) |W1(mm)

TDC1000PWR TSSOP PW

28

2500 330.0 16.4 6.8 10.2 1.6 8.0 16.0

Q1

TDC1000QPWRQ1 | TSSOP | PW

28

2500 330.0 16.4 6.8 10.2 1.6 8.0 16.0

Q1
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TAPE AND REEL BOX DIMENSIONS
At
4
-
// S
/\g\ /)i\
. 7
\\ /
. P -
e e
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TDC1000PWR TSSOP PW 28 2500 367.0 367.0 35.0
TDC1000QPWRQ1 TSSOP PW 28 2500 367.0 367.0 35.0
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MECHANICAL DATA

PW (R—PDSO—G28)

PLASTIC SMALL OUTLINE
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t Cage Pﬂi )
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l

EEEEEEERELEED
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T B 0,75
9& 0,50
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vy A . Seating Plone ¥, _J['| al
0,15 -J N
L 1,20 MAX 00 O,WO

4040064-7/G  02/1

NOTES:

E.

A. Al linear dimensions are in millimeters.
B.

Dimensioning and tolerancing per ASME Y14.5M—-1994.
This drawing is subject to change without notice.

Body length does not include mold flash, protrusions, or gate burrs.
not exceed 0,15 each side.

Body width does not include interlead flash.
Falls within JEDEC MQO-153

Mold flash, protrusions, or gate burrs shall

Interlead flash shall not exceed 0,25 each side.
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