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1 Circuit Description
This reference design discusses the use and performance of the digital variable-gain high-speed amplifier,
the LMH6401 to drive the high-speed analog-to-digital converter (ADC), the ADS54J60 device. Different
options for common-mode voltages, power supplies, and interfaces are discussed and measured,
including AC-coupling and DC-coupling, to meet the requirements for a variety of applications.

This type of circuit may be used in software defined radio, military communications, test equipment, cable
headend receiver, radar receiver and digitizer applications.
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2 Introduction
This reference design, the TSW54J60EVM, serves as a comprehensive summary of the performance and
trade-offs when driving an ADC with high-speed amplifiers. A printed-circuit board was developed in order
to test different setups in AC and DC coupled applications. This board consists of an ADS54J60 device,
which is a dual-channel, 16-Bit, 1-GSPS ADC, and two high-speed fully-differential amplifiers: the
LMH3401 (Fixed gain) and the LMH6401 (Digital variable gain). This board uses the LMH6401 amplifier to
drive one channel of the ADC and a LMH3401 to drive the other channel. The board includes a jitter-
cleaning clock generator (LMK04828), USB interface to allow operation with TI’s High Speed Data
Converter Pro GUI, and TI power solution LDO’s and switchers. The JESD204B standard interface allows
the EVM to be used with TI’s TSW14J56EVM capture board or other JESD204B compatible platforms for
data analysis.

The LMH6401 is a wideband, digitally-controlled, variable-gain amplifier (DVGA) designed for dc to radio
frequency (RF), intermediate frequency (IF) and high-speed time-domain applications. The device is an
ideal analog-to-digital converter (ADC) driver for dc- or ac-coupled applications that require an automatic
gain control (AGC). The device supports both single- and split- supply operation for driving an ADC. A
common- mode reference input pin is provided to align the amplifier output common-mode with the ADC
input requirements.

The LMH6401 gain ranges from 26dB to -6dB in 1dB steps achieving a 32dB dynamic range. To reduce
gain errors from one gain setting to the other, it is important to note that the change in input impedance or
input return loss of the amplifier across gain steps should be minimal. The LMH6401 exhibits constant
input impedance across gain settings making it suitable for wide-band automatic gain control (AGC)
applications.

This document includes the general considerations when driving an ADC with an amplifier, such as
common-mode voltages, power supplies, AC-coupling and DC-coupling, and filter interfaces. This
document also includes a discussion of the measured performance of the LMH6401 and ADS54J60
interface. This includes IMD3 measurements as well as SNR and SFDR. This TIDesign will only focus on
the LMH6401 channel driving the ADS54J60. Another TIDesign will feature the LMH3401 channel driving
the ADS54J60. See the TSW54J60EVM User’s Guide, SLAU649A, for more information regarding
operation and testing of this EVM.

3 General Considerations

3.1 AC-Coupled Configuration
AC-coupling is the configuration that TI recommends if the application does not require processing of
signals close to DC. The TSW54J60 uses a 1:2 (Zo = 50-Ω) transformer to convert single-ended input
signals to 100 Ω differential signal for the LMH6401 device. This is required since the amplifier can only
be used with differential inputs. A typical application would use a differential amplifier output to drive this
device. For more information regarding this type of application, refer to TI Designs document TIDA-00654,
titled “Cascaded LMH5401 and LMH6401 Reference Design”. The board default configuration is AC-
coupled, as shown in Figure 1. Note that the impedance seen on each input pin must be balanced with no
DC offset voltage. Figure 1 shows the LMH6401 AC-coupled configuration.

Figure 1. LMH6401 AC-Coupled Configuration
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The output of the amplifier goes through a 370MHz low pass filter before connecting to the ADC. The
specifications of the filter and data captured plots are shown later in this document. In AC-coupled
configuration, the output common mode (CM) voltage of the amplifier output is isolated from the input CM
of the ADC through the 0.01µF coupling capacitors. As a result, the output common control (VOCM) pin
for the LMH6401 can be left floating or disconnected from the VCM pin of the ADS54J60. The LMH6401
output CM voltage defaults to mid-supply (2.5V in this case) if the VOCM pin is left floating. The amplifier
and ADC interface has the best linearity performance when the output CM voltage of the amplifier is close
to the mid-supply.

3.2 DC-Coupled Configuration
The LMH6401 path driving the ADS54J60 can be either dc- or ac-coupled at the inputs. The LMH6401
device provides excellent performance as a digitally-controlled fully differential amplifier down to DC.
Figure 2 shows a typical DC-coupled configuration where a LMH6401 device is used to produce a
balanced differential output signal for the ADS54J60 input.

In general, transformers are used to provide single-to-differential conversion, but these transformers are
inherently band-pass in nature and cannot be used for DC-coupled applications. As a result, a common
solution is to use a high speed amplifier in order to enable DC-coupling without affecting ADC
performance at higher frequencies. Amplifiers offer a flexible and cost-effective solution when the
application requires gain, a flat pass-band with low ripple, DC-level shifts, or a DC-coupled signal path.

In order to dc-couple the LMH6401 input path, care must be taken to ensure the common-mode voltage is
set within the input common-mode range of the LMH6401. Please refer to the Electrical Characteristics
table in the LMH6401 datasheet to set the input common-mode voltage within the device range. Since the
LMH6401 is a fully differential amplifier, the path inputs must be driven differentially. For single-ended
input source dc-coupled applications, care must be taken to select an appropriate fully-differential (such as
the LMH3401 or LMH5401) that can convert single-ended signals into differential signals with minimal
distortion.

When interfacing an amplifier to the ADC in dc-coupled application, it is required to match the output CM
voltage of the amplifier close to the input CM voltage of the ADC. Best performance is achieved when the
ADC input pins are at the same voltage as the ADC VCM pin or (INPADC + INMADC)/2 equals VCMADC.
Interfacing the LMH6401 to the ADS54J60 is made easier by an option provided in the amplifier to control
the output common-mode voltage using the VOCM pin of the amplifier. The LMH6401 device performance
is optimal when the output common-mode voltage is within ±0.5 V of mid-supply and performance
degrades outside the range when the output swing approaches clipping levels. For the ADS54J60, the
input CM voltage to be maintained is close to 2.0V as specified in the ADC datasheet. The ADC input CM
voltage of 2.0V makes it easier for the LMH6401 to be run on a single +5V supply and use the VOCM pin
to set the output CM voltage to 2.0 V, since it is within ±0.5 V of mid-supply.

See the TSW54J60EVM User’s Guide, section 5.2.1 of (SLAU649A), for more information regarding
testing with this mode of operation.

Figure 2. Interfacing LMH6401 With the ADS54J60 in the DC-Coupled Configuration
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4 Common Mode Considerations
To achieve the best performance while DC-coupling an amplifier and an ADC interface, match the output
CM voltage of the amplifier to the input CM voltage of the ADC. For DC-coupled applications, the
LMH6401 provides an option to control the output common-mode voltage using the VOCM pin. Device
performance is optimal when the output common-mode voltage is within ±0.5 V of mid-supply and
performance degrades outside the range when the output swing approaches clipping levels. The
LMH6401 can achieve a maximum output swing of 6 VPPD with the output common-mode voltage
centered at mid-supply. Note that by default, the output common-mode voltage is set to mid-supply before
the two 10-Ω, on-chip resistor. On a single-supply operation when DC-coupling the device outputs to an
ADC using common-mode level-shifting resistors, the output common-mode voltage and resistor values
being calculated must include the two internal 10-Ω resistors in the equation.

Figure 3 shows where a resistor network can be used to perform the common-mode level shift. This
resistor network consists of the amplifier series output resistors and pullup or pulldown resistors to a
reference voltage. This resistor network introduces signal attenuation that may prevent the use of the full-
scale input range of the ADC. ADCs with an input common-mode closer to the typical 2.5-V output
common-mode of the LMH6401 are easier to dc-couple, and require little or no level shifting

Figure 3. Resistor Network to DC Level-Shift

When operating the LMH6401 on split supplies and DC-coupling the outputs, TI recommends matching
the output common-mode voltage of the LMH6401 with the input common-mode voltage of the ADC. A
simple design procedure is to select the supply voltages (VS+ and VS-) such that the default output
common-mode voltage being set is equal to the input common-mode voltage of the ADC.

To minimize the design complexity on the TSW54J60EVM, the LMH6401 uses a single supply (5VDC)
instead of split-supplies which would be centered close to an output CM voltage of 2.5-V. This is done
because the input CM voltage of the ADS54J60 is within the ±0.5 V of the LMH6401 mid-supply on a
single 5-V supply.

5 Filter Design
The TSW54J60EVM follows the LMH6401 with a 370MHz 4th order Chebyshev Low Pass Filter (LPF)
filter to remove out-of-band noise and harmonics aliasing into the first Nyquist zone of the ADS54J60. The
filter has been designed for less than 2dB pass-band ripple with cut-off frequency at 370MHz, and stop-
band attenuation of 30dB at 1GHz. The circuit is appropriately biased to match the ADC common-mode
level by connecting the VCM output to the common mode termination. Figure 4 shows the filter simulated
response is shown in, and Figure 5shows he measured performance of this filter.
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Figure 4. 370 MHz Low-Pass Filter and Simulation Response
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Figure 5. 370 MHz Low-Pass Filter Measured Responses

The LMH6401, as with most RF amplifiers, has two 10-Ω, on-chip resistors on each output leg to provide
isolation from board parasitic at the output pins. When designing a filter between the amplifier and the
interfacing circuitry (ADC), the filter source impedance must be calculated by taking into account the two
10-Ω, on-chip resistors. Table 1 shows the calculated external source impedance values (RO+ and RO-)
required for various matched filter loads (RL). An important note is that the filter design between the
LMH6401 and the ADC is not limited to a matched filter, and source impedance values (RO+ and RO-) can
be reduced to achieve higher swing at the filter outputs. Achieving lower loss in the filter source
impedance resistors or higher swing at the filter outputs is often desirable because the amplifier must
reduce the output swing to maintain the same full-scale input at the ADC and, thus, better linearity
performance.
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The 370-MHz, un-matched, low-pass filter between the LMH6401 and ADS54J60 is illustrated in Figure 4,
with (RO+ and RO-) set to 20 Ω and RL set to 100 Ω. Since the ADC input impedance (RL) is set to 100 Ω
and the termination resistors including the two on-chip 10-Ω resistors on LMH6401 output is 60 Ω, the
termination loss (or insertion loss) between the LMH6401 and ADS54J60 is close to 4-dB (or 2-dB). The
termination loss is calculated by the voltage division between the ADC input and the termination resistors
at the amplifier output.

(1)

For the LMH6401 and ADS54J60 interface, use:

(2)

Table 1 shows the load component values.

Table 1. Load Component Values

TOTAL LOAD
RO+ AND R0- RESISTANCELOAD (RL) TERMINATION LOSSFOR A MATCHED TERMINATION AT AMPLIFIER

OUTPUT
50 Ω 15 Ω 100 Ω 6 dB
100 Ω 40 Ω 200 Ω 6 dB
200 Ω 90 Ω 400 Ω 6 dB
400 Ω 190 Ω 800 Ω 6 dB
1 kΩ 490 Ω 2000 Ω 6 dB

6 Power Supply Consideration
The LMH6401 device can operate with either a single or dual supply, and with either DC coupling or AC
coupling. The advantage of AC-coupling over DC-coupling is to offer more freedom of choice in regard to
power supply. The main concern with DC coupling is ensuring that the input common-mode voltage does
not violate the device operating conditions. By AC-coupling the input of the driver, the input self-biases at
the level set by the output CM (VCM) pin which ensures optimal operation.

If a single supply is used, AC-coupling the amplifier when driving an ADC is easier in relation to common-
mode settings. The TSW54J60EVM uses a 5-V single supply configuration for both the LMH6401 and
LMH3401 amplifiers.

If DC-coupling must be used with a single supply, the common-mode output of the driver must operate at
VS+/2 (in this case, 2.5 V) and then DC level shifting must be used to match the common mode of the
ADC. The appropriate common mode is set by using a voltage divider as described in the Section 4
section. The drawback is this method results in a loss of signal power because the amplifier must drive a
larger voltage to overcome the attenuation of the voltage divider, which results in degraded performance.

The input common-mode voltage (VICM) of the DC-coupled driver input must also be considered. While the
output common-mode voltage (VOCM) is set at VCM, VICM can have a small delta compared to VOCM based on
the internal feedback resistors. This delta can generate a flow-back current that wastes power in the
feedback resistors. Also, based on the signal source, the delta can cause issues in some applications that
may require a buffer amplifier before the fully-differential amplifier.
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7 Loop Filter Component Selection
The TRF3765 requires an external loop filter for proper operation. The loop filter design is critical for
achieving low closed-loop phase noise. For this design the synthesizer is operating in Fractional-N mode
with a PFD (phase frequency detector) frequency of TBD. The charge pump current is set to 1.95 mA to
minimize noise. The loop filter component values are given in Table 2, and are referenced to designators
in .

If the application uses a split supply, an advantageous approach is to use a non-symmetric supply
operation. For example, non-symmetric supply operation with a DC-coupled application driving an ADC
that requires an input common mode of 2.0 V. Using +4.5 V and -0.5 V supplies will allow to set the
amplifier output CM to 2.0 V.

The following summarizes the AC-coupling and DC-coupling differences between a single-supply
operation and a split-supply operation.

Single Supply Operation (5 V):
• AC-coupling:

– The CM is biased at 2.5 V at the output of the amplifier.
– Easily adapts to any required ADC input CM.
– Filter design between the amplifier and ADC interface is easier because the DC level shifting is not

required.
• DC-coupling:

– The input CM of the amplifier may differ from the output CM, which leads to current leakages.

Split-supply Operation:
• AC-coupling:

– The CM is biased at the output of the amplifier.
– Easily adapts to any required ADC input CM.

• DC-coupling:
– Best solution if the supply is set to match the required input CM of the ADC.
– Voltage divider is not required, which leads to an easier interface configuration.
– Increases the number of supplies, which increases board space and cost.

Table 2. TRF3765 Loop Filter Components

Fpfd (MHz) C1 C2 R5 C3 R6
1.6 47 pF 560 pF 10 K 4.7 pF 4.99 K

If a modification to the PFD frequency or operational mode is required, then the loop filter may need to be
modified. The Loop_Filter-CALC program available on the TI website is a great resource in determining
the proper loop filter component values.
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8 Results
The measured results below were made using a TSW54J60 connected to a TSW14J56EVM and the
HSDC Pro GUI. Two signal generators, band pass filters, and 3dB attenuators were used along with a
power combiner for the two tests. Data was collected using frequencies ranging from 70MHz to 250MHz
and LMH6401 Gain settings from 2dB to 26dB (max gain). Figure 6 shows show captured data in two
formats. The two tones were separated by 1MHz. Table 3 lists the two tone test results across several
frequency and gain settings. Figure 6 shows the two tone test results across several frequency and gain
settings.

Table 3. Two Tone Test Results Across Several Frequency and Gain Settings Table

GAIN 70 M 125 M 150 M 220 M 250 M(dB)
2 -77.5 -85.3 -76.2 -74.4 -68.06
6 -79/4 -77.9 -79 -75.3 -69.42
11 -79.9 -77.9 -80.5 -75.9 -69.77
15 -81 -79.4 -82.9 -77.6 -71.33
18 -81.1 -78.9 -81.9 -76.1 -70.32
22 -82.6 -79.1 -81.8 -77.3 -71.98
26 -81.5 -79.1 -79.5 -76.5 -70.05

Figure 6. Two Tone Test Results Across Several Frequency and Gain Settings
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Figure 7 is a screen shot from HSDC Pro GUI of a two tone test using (169.5 MHz and 170.5 MHz) with a
LMH6401 gain setting of 16 dB.

Figure 7. FFT of the Two Tone Test, Gain of 16 dB
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The following three figures show a 220MHz single tone captured using different LMH6401 Gain settings.
This setup used a signal generator, a band pass filter, and 6dB attenuator between the filter and SMA
connector INBP (J3) to provide a robust 50-Ω source impedance. Figure 8 shows a 220MHz IF, AC-
Coupled, LMH6401 Gain = 26dB (max).

Figure 8. 220 MHz IF, AC-Coupled, LMH6401 Gain = 26dB (max)
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Figure 9 shows the 220 MHz IF, AC-Coupled, LMH6401 Gain = 21 dB.

Figure 9. 220 MHz IF, AC-Coupled, LMH6401 Gain = 21dB
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Figure 10 shows the 220 MHz IF, AC-Coupled, LMH6401 Gain = 16 dB.

Figure 10. 220 MHz IF, AC-Coupled, LMH6401 Gain = 16 dB

The measured results show that the LMH6401 device is a good solution to drive a high-speed ADC such
as the ADS54J60 device for high speed, wide input voltage range digitizer applications. The LMH6401
device can be set in either DC-coupled or AC-coupled configuration. An important consideration is proper
common-mode biasing. One difficulty with the DC-coupling case is the need to provide the optimal
common-mode voltage at the amplifier output pins and the ADC input pins. Another challenge with DC
coupling is the need to level shifted the DC source to the amplifier's input common mode voltage.

In terms of SNR and SFDR, the performance can be improved if time is spent to optimize the interface
circuit and filtering, likely further than what is shown in this document. One way of improving the SFDR
performance is by designing the output filter with lower termination resistor values at the amplifier output
and keeping the same ADC input impedance. Such an output filter design lowers the amplifier output
swing for the same full-scale input at the ADC and would result in lower SFDR. The limitation in terms of
SFDR performance is the second harmonic coming from the LMH6401 device when driven by a
transformer. The HD2 performance can be improved by using a high performance balun such as a Marki
BAL-0010 in front of the amplifier to do the conversion from single-ended to differential, however this can
only be used when AC coupling is allowed. An additional high speed differential amplifier could also be
used in front of the LMH6401, such as a LMH5401 to provide DC level shifting and single-ended to
differential conversion.
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9 Design Files

9.1 Bill of Materials
Table 4 lists the bill of materials.

Table 4. Bill of Materials

MANUFACTUMANUFACTURPCB RERITEM QTY PART REFERENCE VALUE ER NOTEFOOTPRINT PARTNAME NUMBER
LLL185R71E11 4 C1, C3, C14, C16 .01 uF 0306 Murata 03MA01L
LLL185R71H22 4 C2, C4, C15, C17 2200 pF 0306 Murata 22MA01L

C5, C10, C13, C18,
C24, C27, C101, GRM155R71H3 14 .01 uF 0402 MurataC104, C197, 103JA88D

C198, C200–C203
MK02275R6B4 0 C6, C19 5.6 pF 0402 AVX Corp DNIAT2A_DNI
GJM1555C1H5 2 C7, C20 9 pF 0402 Murata 9R0CB01D

C5, C10, C13, C18,
C24, C27, C101, GJM1555C1H6 2 6.2 pF 0402 MurataC104, C197, C198, 6R2CB01D

C200–C203
GRM155R71C7 32 C6, C19 .1 uF 0402 Murata 104KA88D
TPSA106K010 Low ESR or8 2 C7, C20 9 pF TANT_A AVX R0900 equivalent
GRM033R61A9 38 C8, C21 .1 uF 0201 Murata 104KE15D

C9, C12, C23, C26,
C35, C65, C73–C75,

C79–C84, 06035C103JA10 16 C86–C91, C93, C95, .01 pF 0603 AVX T2AC97, C117–C119,
C122–C124, C132,

C133
GRM155R71C

11 0 C11, C25 .68 pF 0402 Murata 104KA88D_DN
I

C28–C34, C36–C62, C0603X5R1A112 2 C66, 47 pF 0201 TDK 03K030BAC67, C70, C71
C63, C147–C149,

C158–C160, GRM155F50J613 1 C171–C173, 3900 pF 0402 Murata 84ZE01DC182–C184,C193–C19
5

GRM1555C1H14 3 C64, C72 100 pF 0402 Murata DNI470FA01D
GRM155R71H15 1 C68, C69 10 uF 0402 Murata 392KA01D
06031A101GA16 2 C76 2200 pF 0402 AVX Corp T2A
C1608X5R1C117 4 C77, C120, C121 10 pF 0603 TDK 06M080AB
GRM155R71E18 1 C78 1 uF 0402 Murata 222KA01D
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Table 4. Bill of Materials (continued)
MANUFACTUMANUFACTURPCB RERITEM QTY PART REFERENCE VALUE ER NOTEFOOTPRINT PARTNAME NUMBER
GRM1555C1H19 1 C85, C92 10 pF 0402 Murata 100JA01D

C99, C102, C105, C1005X5R1C120 9 1 uF 0402 TDKC108, C112–C116 05K050BC
C100, C103, C129, T520B106M01 Low ESR or21 4 10 uF 3528 KemetC136 6ATE100 equivalent

GRM155R71HC106, C107, C109-22 0 .01 uF 0402 Murata 103JA88D_DN DNIC111 I
TPSB476K01023 1 C125 47 uF TANT_B AVX R0250

C126, C140, C145,
C150, C151, C156,

C161, GRM21BR61E24 16 10 uF 0805 MurataC164, C169, C174, 106KA73L
C175, C180, C185,
C186, C191, C196
C128, C135, C139, C1608X5R0J225 4 22 uF 0603 TDK CorpC163 26M080AC
C130, C137, C141, 0603YC104KA26 7 C152, C165, C176, 0.1 uF 0603 AVX T2AC187

C0603C102K327 2 C131, C199 1000 pF 0603 Kemet RACTU
C142, C146, C153,
C157, C166, C170, C1608X7R1E128 10 1 uF 0603 TDKC177, C181, C188, 05K080AB

C192
C143 C154 C167 GRM31CR61A29 5 47 uF 1206 MurataC178 C189 476ME15L

C144, C155, C168, TPSB336K01630 5 33 uF TANT_B AVXC179, C190 R0350
LTST-31 4 D1-D4 LED Green LED_1206 Lite On DNIC150KGKT

FUSE 10 A 63 V 1206SFF200F/32 0 F1 1206 TE ConnectivityFAST 63-2_DNI
120 Ω at 100 BLM31PG12133 16 FB1-11, FB13-FB17 1206 MurataMHz SN1L

BLM41PG10234 1 FB12 1 k Ω at 100 MHz 1806 Murata SN1L
FILTER LC HIGH 1806_BEAD_NF NFM41PC20435 2 FLT1, FLT2 MurataFREQ, .2 uF M41P F1H3L

CONN, SMA, SMA_SMEL_DU Johnson36 5 J1-5 JACK, 50 Ω, AL_PSF- 142-0711-821ComponentsEDGE MNT S01_250x215
CONN, SMA, SMA_THVT_312 Johnson37 1 J6 JACK, 50 Ω , 142-0701-201x312 ComponentsTHVT

CON, SMVT, HS, SEAM-40-SMA_THVT_31238 1 J7 FIELD ARRAY, Samtec 02.0-S-10-2-A-x312400POS, MALE K-TR
CONN, USB MINI CON_SMRT_US Wurth39 1 J8 651305142821AB, SMT BMNE20_F ELektronik

CONN, JACK, CON_RAPC722_40 1 J9 PWR, MINI, R/A, Switchcraft RAPC722XJACK_THVT_3TH
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Table 4. Bill of Materials (continued)
MANUFACTUMANUFACTURPCB RERITEM QTY PART REFERENCE VALUE ER NOTEFOOTPRINT PARTNAME NUMBER

HDR, THVT, HDR_THVT_1x2 HTSW-102-07-41 2 JP1. JP2 Samtec2POS, .100 _100_M G-S
0603CS-42 4 L1. L3, L5, L7 7.5 nH ind_0603 Coilcraft 7N5XGEU
0603CS-43 4 L2 L4 L6 L8 18 nH ind_0603 Coilcraft 18NXGEU

1286AS-H-44 1 L9 1.5 uH 2016 Toyo 1R5M
STANDOFF, MFG125_PLATE45 2 MT1, MT2 FEMALE, 4-40 X Raf 1648-440-ALD1 3/16", AL

PROBE_POINT_46 0 PP1 PROBE POINT N/A N/A30PAD
mosfet_8_2mmx2 Texas47 1 Q1 CSD17313Q2 CSD17313Q2mm_0p65 Instruments

CRCW04024R48 4 R2, R14, R17, R25 4.99 0402 Vishay Dale 99FKED
ERJ-

49 0 R3, R10 129 0402 Panasonic 2RKF1270X_D DNI
NI

50 0 R4, R15, R19, R26 A/R 0402 DNI DNI DNI
ERA-51 4 R5, R9, R20, R23 53.6 0402 Panasonic 2AEB53R6X

R7, R21, R38, R39, ERJ-52 9 R41, R64, R67, R119, 0 0402 Panasonic 2GE0R00XR125
ERJ-

53 0 R11 365 0402 Panasonic 2RKF3650X_D DNI
NI

R12, R18, R22, R42, ERJ-54 6 49.9 0402 PanasonicR49, R51 2RKF49R9X
ERJ-55 4 R16, R24, R29, R33 20 0402 Panasonic 2RKF20R0X

R27, R28, R30, R31, ERJ-56 5 1 k 0402 PanasonicR74 2RKF1001X
ERJ-57 2 R32, R34 100 0201 Panasonic 1GEF1000C
ERJ-58 1 R36 240 0402 Panasonic 2GEJ621X
ERJ-59 1 R37 0 0402 Panasonic 2GEJ393X
ERJ-

60 0 R40 100 0402 Panasonic 2RKF1000X_D DNI
NI

ERJ-61 4 R43, R44, R46, R47 750 0402 Panasonic 2RKF2400X
R45, R54, R55, R57, ERJ-

62 0 R120-R124, R126, 2.1 k 0402 Panasonic 2GE0R00X_D DNI
R131, R132 NI

ERJ-63 2 R48, R58 100 0402 Panasonic 2RKF1000X
CRCW06037564 3 R50, R52, R53 750 0603 Vishay Dale 0RFKEA

ERJ-65 1 R56 2.1 k 0402 Panasonic 2RKF2101X
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Table 4. Bill of Materials (continued)
MANUFACTUMANUFACTURPCB RERITEM QTY PART REFERENCE VALUE ER NOTEFOOTPRINT PARTNAME NUMBER

ERJ-66 1 R59 48.7 k 0402 Panasonic 2RKF4871X
ERJ-67 3 R60–R62 4.75 k 0402 Panasonic 2RKF4751X

R63, R82, R84, R85,
R89, R91, R92, R99, ERJ-R102, R104, R106,68 0 0 0603 Panasonic 3GEY0R00V_ DNIR109, R111, DNIR113–R115, R117,

R118
ERJ-69 3 R65 R69 R70 22.1 0402 Panasonic 2RKF22R1X

R68, R83, R86, R87,
R90, R93, R94, R100, ERJ-70 14 0 0603 PanasonicR101, R103, R107, 3GEY0R00V

R108, R110, R116
CRCW06031M71 1 R76 1.05 M 0603 Vishay Dale 05FKEA

ERJ-72 1 R77 200 k 0603 Panasonic 3EKF2003V
R78, R88, R95, R105, ERJ-73 5 47.5 k 0603 PanasonicR112 3EKF4752V

ERJ-74 1 R80 590 k 0603 Panasonic 3EKF5903V
ERJ-75 2 R81, R98 162 k 0603 Panasonic 3EKF1623V
ERJ-76 1 R96 301 k 0603 Panasonic 3EKF3013V

JUMPER_L_0603 JUMPER_SMD_L77 0 SJP1 DNI DNI_SMT _0603
SOLDER JUMPER_SMT_178 0 SJP2 DNI DNI Shunt 1–2JUMPER, 0603 x2_0603

JUMPER_L_0603 JUMPER_SMD_L79 0 SJP3 DNI DNI Shunt 2–3_SMT _0603
SWITCH, SMT, SW_SMVT_SPS80 1 SW1 PUSHBUTTON, Panasonic EVQ-PNF04MT_EVQPJX_2SPST

XFMR_6_310X2881 1 T1 JTX-2-10T+ Mini-Circuits JTX-2-10T+0_100
XFMR_6_310X2882 1 T2 JTX-2-10T+ Mini-Circuits JTX-2-10T+0_100

TP1, TP7–TP10, TESTPOINT_62D83 9 Red Keystone 5000TP13–TP16 RILL_THM
TESTPOINT_62D84 7 TP2–TP6, TP11, TP12 Black Keystone 5001RILL_THM
QFN_14_98x98_ Texas85 1 U1 LMH3401 LMH3401IRMS0P50MM Instruments
UQFN_16_118x1 Texas86 1 U2 LMH6401 LMH6401IRMZ18_0P5mm_RMZ Instruments
QFN_72_10MMX Texas ADS54J40IRG87 1 U3 ADS54J60 10MM_0P50MM_ Instruments CPWRPAD
QFN_64_360X36 Texas LMK04828BIS88 1 U4 LMK04828 0_0P50MM_PWR Instruments Q/NOPBPAD
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Table 4. Bill of Materials (continued)
MANUFACTUMANUFACTURPCB RERITEM QTY PART REFERENCE VALUE ER NOTEFOOTPRINT PARTNAME NUMBER

QFN_10_81X61_ Texas SN65LVDS4R89 1 U5 SN65LVDS4 RSE Instruments SET
VQFN_14_138x1 Texas TXB0104RGY90 2 U6, U8 TXB0104 38_0P50_RGY Instruments R
SSOP_28_413x2 FT245RL-91 1 U7 FT245RL FTDI Chip20_26 REEL
DSBGA_12_1P5 Texas92 1 U9 TPS63050 6MMx1P16MM_Y TPS63050YFFInstrumentsFF

Texas93 2 U10 TPS2400 DBV5 TPS2400DBVTInstruments
uSIL_8_3MMx2p Texas94 2 U11, U15 TPS82085 TPS82085SIL8MM_0p65mm Instruments
VQFN_20_138x1 Texas TPS7A8300R95 5 U12–U14, U16, U17 TPS7A8300 38_0P50_RGR Instruments GR
VCXO_6_CUSTO CVHD-950-96 1 Y1 122.88 MHz CrystekM 122.880

BARE BOARD, TSW54J6097 1 TTMTSW54J60 REV B
SCREW, 4-40 X Building PMSSS 440 Screw for98 2 3/4", PHIL, SS Fasteners 0075 PH standoff

SHUNT- ERJ-99 2 SEE NOTE 3 Panasonic Shunt for jumperJUMPER-0603 3GEY0R00V

9.2 Software Files
To download the software files, see the design files at TSW54J60EVM
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate TI semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.
TI reference designs have been created using standard laboratory conditions and engineering practices. TI has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. TI may make
corrections, enhancements, improvements and other changes to its reference designs.
Buyers are authorized to use TI reference designs with the TI component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to 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 TI under the patents or other intellectual property of TI.
TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.
TI reserves 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 JESD48, 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 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 for TI components are used to the extent TI
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.
TI 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.
Reproduction of significant portions of TI information in TI data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. TI is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.
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 that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify TI and its representatives against any damages arising out of the use of any TI components in
Buyer’s 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 TI components are authorized for use in FDA Class III (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.
Only those TI components that TI 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 that
have not been so designated is solely at Buyer's risk, and 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, TI will not be responsible for any failure to meet ISO/TS16949.IMPORTANT NOTICE
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