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ABSTRACT

TI's LDC1612, LDC1614, and LDC1101 devices are versatile devices which use the LHR core (High-
Resolution L measurement) for Inductance measurements. This application note covers configuration
options and methods to improve the effective resolution of these devices.
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1 Understanding LDC Resolution

For an ADC, the resolution is generally the number of bits in the output word, and the effective resolution
is determined from the either the INL of static linearity or from the SINAD of a full scale sinewave. If the
signal amplitude input to an ADC is less than full scale, the resolution of the output word is still the same,
but the effective resolution decreases. For example, given an ADC with an input range of 1 VPP and an
effective resolution of 16 bits, if the input signal is only 500 mVPP, then the effective resolution will usually
be halved to 15 bits.

Most inductive sensors are not able to utilize the full scale input range that TI's LDCs provide. This results
in a reduction in the effective resolution of the system. The larger the shift in sensor inductance due to
target movement, the more effective resolution the LDC can provide. A system which has an inductance
shift of 20% will have twice the effective resolution of an equivalent system which has a 10% shift.

TI's LDC devices measure the inductance by measuring the resonant frequency of a sensor, and so the
LDC can be considered a frequency measurement version of an ADC. Where an ADC has an LSB
measured in voltage, an LDC has an LSB measured in Hz.

For example, with an LDC system with a frequency resolution of 1 Hz (1 LSB = 1 Hz), if the sensor signal
varies by 100 kHz, then the LDC would have an effective resolution of 16.6 bits.

There are two basic approaches to increase the effective resolution — first by improving the frequency
resolution, and second by increasing the sensor frequency variation.

2 LDC Configuration Parameters
There are several LDC parameters which determine the device resolution.

2.1 Reference Count and RCOUNT

The primary device setting which determines the conversion resolution is the RCOUNT setting. A higher
value for RCOUNT corresponds to a higher resolution L measurement.

All trademarks are the property of their respective owners.
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2.2

Table 1. RCOUNT Registers

DEVICE REGISTERS

RCOUNT_CHO (address 0x08)

LDC1612 RCOUNT_CH1 (address 0x09)

RCOUNT_CHO (address 0x08)
RCOUNT_CH1 (address 0x09)

LDCl614 RCOUNT_CH2 (address 0x0A)
RCOUNT_CHS3 (address 0x0B)
LDC1101 LHR_RCOUNT (address 0x30 + 0x31)

Due to device restrictions, RCOUNT must be =3 and <65535. For the LDC1101, RCOUNT is set in two 8-
bit wide registers, LHR_RCOUNT_LSB and LHR_RCOUNT_MSB. For the LDC1612 and LDC1614, there
are 2 or 4 16-bit wide registers, respectively, for setting RCOUNT independently for each device channel.

The effective LDC resolution is a function of the RCOUNT and sensor frequency. Higher values of
RCOUNT deliver increased resolution, and lower sensor frequencies can provide improved resolution.

Reference Frequency

The reference frequency determines the conversion time for a given RCOUNT value. The basic
conversion time equation is shown in Equation 1.

RCOUNT x16
frer Q)

It is clear that to increase the sample rate, the reference frequency should be increased and/or the setting
of RCOUNT should be decreased. As mentioned previously, decreasing RCOUNT will decrease the
measurement resolution.

tconversion(s) =

As a general rule, use the highest reference frequency supported by a given LDC. Then set RCOUNT
value that the sample rate matches the minimum system requirement.

Table 2. Supported Reference Frequency and Sample Rates

LDC161x LDC1101

2 (LDC1612)
4 (LDC1614)

40-MHz dual channel

Number of channels 1

Maximum reference frequency 35-MHz single channel 16 MHz
Maximum output resolution 28 bits 24 bits
S . . 26.2 ms at 40 MHz
Conversion time for maximum RCOUNT at highest fgee 30.0 ms at 35 MHz 65.5 ms
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2.3 Reference Dividers

The LDC devices include input and clock dividers for more flexibility in setting the sensor frequency and

reference frequency in a system.
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2.3.1 Divider Recommendations for LDC161x

For the LDC161x devices, set fze divider to 1 when:
e sampling in sequential mode and f. x\ < 40 MHz, or
» using one channel (continuous sampling mode) and f (n < 35 MHz

For the LDC161x devices, set free divider to 2 when using one channel (continuous sampling mode) and

35 MHz < fo qy < 40 MHz

2.3.2 Divider Recommendations for LDC1101

For the LDC1101, there is only a divider on the sensor input. Normal usage is to set SENSOR_DIV to 1.
When fq i IS less than fsgysor, S€t SENSOR_DIV to an appropriate value so that fgenysor/SENSOR_DIV <

fCLKIN'

Figure 1. LDC161x Clocking Diagram

SNOA944—February 2016
Submit Documentation Feedback

Optimizing L Measurement Resolution for the LDC161x and LDC1101

Copyright © 2016, Texas Instruments Incorporated

3


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNOA944

13 TEXAS

INSTRUMENTS
LDC Configuration Parameters www.ti.com
LDC1101
VDD
RP MIN RP_MAX SENSOR_DIV (0x34)
drive drive
—» Fi fin— > LHR
LHR Measurement Data
Core
L INA: Sensor »
Sensor —INB:I: Driver
Watchdog
Timer
MIN_FREQ (0x04)
T\ >
Rp + L Measurement Rp+ L
@—CLKIN—C frer > Core > Data

Figure 2. LDC1101 Clocking Diagram

2.4 Resolution as a Function of Sensor Frequency
The effective resolution also varies based on the sensor frequency. At higher sensor frequencies, the LDC
will appear to having missing codes, where the gaps between subsequent output codes will become larger
and larger as the sensor frequency increases. This is why the effective resolution drops off as the sensor
frequency increases. Note that set of output codes is a function of the value of RCOUNT - a different
value for RCOUNT will produce a different set of output codes.
At low sensor frequencies, the LDC output code will increment by 1 code as the sensor frequency
increases, as expected. However, as the frequency increases further, then the output code will start
skipping 1 code, then skipping several codes, and then gap between output codes will become larger and
larger.
At very low frequencies, the resolution of the LDC161x device is limited by the output word width of 28bits.
At these low frequencies, the LDC161x will output sequential codes. While the resolution may be
maximized with a low sensor frequency, the maximum useful resolution occurs with fgeysor between 400
kHz and 6 MHz (with fgee = 40 MHZz).
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Figure 3. Normalized Frequency Resolution of the LDC161x vs fggygor and RCOUNT
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In Figure 3, the effective resolution of the LDC161x across various RCOUNT settings and sensor

frequencies is shown. Smaller values of normalized resolution correspond to higher effective resolution,
and so setting RCOUNT = 0x0100 will have a lower effective resolution than RCOUNT = OxFFFF. When
the fsensor/frer ratio is below 0.005 for RCOUNT=0xFFFF, the LDC161x is output-bit limited. Lower values

of RCOUNT will be bit limited at lower ratio values.

Figure 4. Normalized LDC1101 Resolution vs fggysor @and RCOUNT

For the LDC1101, the transfer curve is similar to the LDC161x, except that the 24 bits of resolution result
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in a bit-limited resolution limit at higher ratio settings.

The normalized resolution shown in Figure 3 needs to be scaled by the device reference frequency to
obtain the LDC sensor resolution.
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Figure 5. LDC161x Resolution with fger = 40 MHz

This maximum performance can be seen as the larger value of unique output codes for a 1% sensor

frequency variation. This number of unique of output codes corresponds to the effective device resolution

for the system configuration.

Table 3. LDC161x Resolution of a 1% fysor Variation with RCOUNT = OxFFFF

(fREngEZ%ORAHZ) fsz':;'/gEF # UNIQUE OUTPUT CODES OUTPUT CODE
39.6 kHz — 40.0 kHz 0.001 2684 2684
198.0 kHz — 200.0 kHz 0.005 13237 13422
396.0 kHz — 400.0 kHz 0.01 21066 26844
990.0 kHz — 1.0 MHz 0.025 21686 67109
1.98 MHz — 2.00 MHz 0.05 21381 134218
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2.5

251

Table 3. LDC161x Resolution of a 1% fgysor Variation with RCOUNT = OXFFFF (continued)

(fREFszL\‘l%OK/IHZ) fs;i;l/gﬁ # UNIQUE OUTPUT CODES OUTPUT CODE
3.96 MHz — 4.00 MHz 0.10 21274 268435
5.94 MHz — 6.00 MHz 0.15 20798 402653
7.92 MHz — 8.00 MHz 0.20 18725 536871
9.90 MHz — 10.00 MHz 0.25 16709 671089

The # UNIQUE OUTPUT CODES is the important column in Table 3 as the number of unique codes is the
effective resolution of the LDC for the given signal. The range of output codes does not correspond to the
effective resolution; for example, a 1% shift for a 6-MHz sensor has range of 402653 codes, but only
20798 unigue output codes when RCOUNT = OxFFFF. If the sensor frequency is increased to 10 MHz, a
1% frequency shift will have a code range of 671089 output codes, which is 67% higher; however the
number of unique codes is 20% lower.

The ratio of 0.025 provides the highest resolution.

Increasing the frequency variation and increasing RCOUNT will improve the number of unique output
codes.
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Figure 6. Effective Resolution vs RCOUNT and Variation for fggysor = 2 MHZ

Sensor Amplitude

The sensor oscillation amplitude indirectly affects the effective measurement resolution of LDC devices. In
general, higher sensor oscillation amplitude improves the SNR for a given sensor. The LDC1612 and
LDC1614 devices control the sensor amplitude based on the IDRIVE current setting. Configuring the
sensor amplitude to the recommended range of 1.2 V to 1.8 V will provide the optimum measurement
resolution.

LDC1101 L-Only Mode

By default, the LDC1101 applies an amplitude modulated envelope to the sensor oscillation. This

envelope is used to measure the sensor RP in conjunction with the inductance measurement. The
LDC1101 monitors the sensor amplitude and automatically adjusts the sensor drive by alternating
between the RPMIN and RPMAX current drive settings.

For systems which do not require the RP measurement, this modulation can be disabled to improve the
effective L measurement. Refer to the LDC1101 data sheet (SNOSDO01) for information on how to enable
this mode and to properly configure the LDC1101 sensor amplitude.

Optimizing L Measurement Resolution for the LDC161x and LDC1101 SNOA944—February 2016

Submit Documentation Feedback
Copyright © 2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNOA944
http://www.ti.com/lit/pdf/SNOSD01

I

TEXAS

INSTRUMENTS

www.ti.com LDC Clocking

252

253

3.1

Deglitch Filter Setting

The LDC1612 and LDC1614 feature internal filters which improve the frequency measurement accuracy.
There are 4 settings: 1 MHz, 3.3 MHz, 10 MHz, and 33 MHz. This setting should be set to the lowest of
the 4 values that exceeds the maximum sensor frequency, which typically occurs with the highest target-
sensor interaction.

Injection Resonance Locking

In the same way that independent pendulum clocks can become synchronized (as first documented by
Christiaan Huygens), the LDC can exhibit resonance locking. With low sensor amplitudes, a small amount
of energy can couple from an external clock source into the sensor, and lock the sensor frequency to an
integer divider of the clock frequency. For example, if the sensor frequency should be 8.0003 MHz due to
the target interaction, the sensor frequency could remain at 8 MHz if the reference frequency was 40 MHz.

This effect is more pronounced with lower value odd dividers of the reference frequency (fo n+3; felkin™5,
foLan®7) than higher value dividers or even dividers. It is important to note that it is the external frequency
foLan that couples into the oscillator, not the internal frequency fger.

This effect can be reduced by:

» Shifting the sensor frequency away from a strong locking frequency (one way is to simply adjust the
sensor capacitance).

» Increasing the sensor current drive value.

« Using a different f.,y that does not have an odd integer divider in the sensor frequency variation.

» Ensuring the CLKIN line has well-controlled Z0 and does not exhibit significant overshoot/undershoot.
» Using a good ground plane for the LDC

* Maintaining separation between the sensor traces and the CLKIN line.

LDC Clocking

Internal Oscillator vs External Oscillator

The LDC1612 and LDC1614 devices include an internal oscillator; the LDC1101 does not include this
feature. While the internal oscillator has a small shift across temperature, it is not as stable as a good
external oscillator. For the LDC161x, it is recommended to use an external oscillator whenever possible.

Figure 7 was collected from a typical LDC1614 EVM. It shows the increase in RMS code noise when the
internal oscillator is enabled when compared to the external oscillator is used.
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Figure 7. LDC161x RMS Code vs RCOUNT for Internal and External Clock Sources with the LDC161x EVM

Sensor
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3.2

Single-Channel f. Limitation Work-Around

If using the LDC1612 or LDC1614 in single channel mode, the maximum reference frequency supported is
35 MHz. For systems which have a fixed sample rate, this limitation results in a 14% reduction in
resolution compared to the 40 MHz maximum available for multi-channel operation.

For systems where f n = 40MHz, the CLKIN Divider must be set to 2 to comply with the maximum fzg of
35 MHz. This division produces a fzer = 20 MHz, which results in a 50% drop in resolution compared to
the maximum 40-MHz fgg.

If the Channel 0 activation time (which is roughly Q/fsgnsor) iS Short enough, it may be advantageous to
attach an additional sensor onto channel 1 but ignore the conversion data from Channel 1. In this way the
LDC161x can operate with frz.=40 MHz, but at the cost of conversion time on the second channel. The
sensor geometries do not need to match Channel 0’'s sensor.

To maximize the effectiveness of this technique, the Channel 1's conversion time and settling count
should be set to the device minimum (RCOUNT_CH1=3, SETTLECOUNT_CH1 = 1).

For a 1-MHz sensor with a Q of 20 up to sample rates of 1500 SPS, this technique improves the
resolution compared to using a 35-MHz fg. For a sensor frequency of 5 MHz with a Q of 20, this
technique is useful up to sample rates over 6k SPS, which exceeds the data rate of the LDC161x.

13
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Figure 8. Effective Resolution Comparison for Various LDC Clocking Configurations

The sensor activation time is based on the sensor frequency and Q. Decreasing the sensor Q and/or
increasing fgensor fOr the dummy second channel will reduce the activation time, which makes this
technique more effective.

Summary

There are several parameters in the LDC devices which affect the device resolution. These are primarily
managing the sensor frequency, RCOUNT values, using a clean reference clock source, and properly
setting the sensor current drive.

Optimizing L Measurement Resolution for the LDC161x and LDC1101 SNOA944—February 2016

Submit Documentation Feedback
Copyright © 2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNOA944

IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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