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1.0 Overview 
 
This document covers, in brief, the design considerations that went into the development of the 
Payload TIA board. It is highly recommended by the author to review the schematics in addition 
to this document. Many specific design points about resistor values (etc.) are discussed in more 
detail in the schematics themselves.  

1.1 Design Requirements 
● Must be able to measure the photodiode signals to 0.1% accuracy 
● Must be able to read the photodiode signals over its entire expected photocurrent range 
● Must be able to communicate to the payload motherboard via SPI 

2.0 Functional Blocks 
Each functional block of the TIA is described here, including how it works as well as the 
considerations made in component selection and design. Simulation results are given where 
appropriate.  

2.1 Analog Front End (TIA) 
The analog front end of the transimpedance amplifier comprises all the components along the 
signal path between the signal input port on the TIA board to the connection of the ADC.  
 
The purpose of the analog front end is to convert the photocurrent from the photodiodes into an 
analog voltage in a range that is detectable by the ADC (see Figure 1). The calculated 
photocurrents at the two desired wavelengths of 660nm and 840 nm are shown in Table 1, at 
both the max laser output power and the minimum laser output power. 
 

Table 1: Photodiode Max Photocurrent* 

Laser FDS100 Hammamatsu S2386-8K 

660nm @ 120mW 3.2 mA 3.33 mA 

840nm @ 120mW 4.07 mA 4.1 mA 

660nm @ 30uW 2.4 uA 3.14 uA 

840nm @ 30uW 3.83 uA 3.90 uA 
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*Based on calculations performed here. 
 
The configuration of this TIA has been designed so as to not require a negative voltage rail for 
the TIA. Adding such a voltage rail would add design complexity and potentially significant noise 
from whatever method is used to create it. So only positive voltage rails were used.  
 
However, this meant that in order to make both anode and cathode of the photodiode have the 
same voltage during no-bias operation, the cathode of the photodiode must be tied to the 
positive input of the TIA (since the TIA is trying to hold the negative input - where the anode is 
connected - at the same voltage as the positive input).  

https://docs.google.com/spreadsheets/d/1UhcHagPS8K1t7YB84nbgxFP5yMkU0bX4t7BzcJf8Olk/edit?usp=sharing
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Figure 1: Changing TIA output voltage with changing photocurrent 

Additionally, the design also includes functionality to change the gain of the TIA between one of 
two values. One of these gain values is designed for the max photocurrent observed (see 
Figure 1) the other is designed for the lowest light condition expected (see figure 2).  



Transimpedance Amplifier Design 
ORCASat Payload 

Rev: 1.0 
 
 

 
Figure 2: Changing TIA output voltage at lowest photocurrent levels, higher gain 

 
Switching of these gain values is achieved using an extremely low leakage SPST relay from 
Pickering (the 100-1-A-5/2D). This relay was used in the ALTAIR project for this purpose, and 
thus was also incorporated into this design since the room was available (the relay is quite 
large).  
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Figure 3: Gain stage switch with control circuitry 

 
The Op-Amp that forms the crux of the TIA design was selected to be the ADA4522-1. This 
single-channel op-amp from Analog Devices was used primarily for its low offset voltage of 5 uV 
max, low input current bias of 50 pA, and low spectral noise density of 5.8 nV / sqrtHz.  

2.2 TIA Positive Input Reference 

 
Figure 4: TIA positive input source 
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To create the positive input source voltage for the TIA, several things needed to be considered. 
Primarily, when the TIA is not biasing the photodiode, the cathode of the photodiode is tied to 
the output of this circuit since it needs to be at the same voltage as the negative TIA input (see 
section 2.1). This means that the driving source of the positive input voltage must also be 
capable of supplying the maximum photocurrent of the photodiode. Even though the voltage 
sources used to create the rails are theoretically capable of supplying such current, it is good 
practice to insert a buffer inbetween them and the photodiode to isolate the photodiode from 
other things attached to the voltage rails, and to provide a cleaner current source. 
 
Additionally, two different positive input voltages are required for different modes of operating 
the TIA (see the ADC section). Therefore the system must be capable of switching the reference 
as required. This is achieved by an analog MUX (the TI TS5A3159) attached to both the 5V rail 
and the 2V5 rail. The common pin is attached to the buffer input. This MUX is driven from a 
logic source located offboard (either 5V or 3V3 logic will operate this MUX).  

2.3 Reverse Bias Generator 

 
Figure 5: Reverse bias generator and bias switch 

 
It has been previously shown through experimentation that applying a reverse bias across the 
photodiode increases the linearity of the photocurrent response related to the input power. This 
makes it much easier to back-calculate the observed optical power. It is still desirable to be able 
to choose whether this reverse bias is applied during the mission, since this provides another 
variable that can be changed and played with to do science.  
 
The reverse bias generator is based on the Linear Technologies LT3045 linear regulator. This 
device was selected for its adjustable output voltage, extremely good noise rejection 
characteristics and high current supply capability (this is the same linear regulator used in the 
Power section). 
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In order to apply a “reverse bias” to the photodiode, the voltage on the cathode side of the 
photodiode must be higher than that on the anode side. Since the TIA is holding the anode at a 
maximum of 5V, this means that the cathode side reverse bias voltage will have to be higher 
than 5V (thus needing a linear regulator capable of supplying this). Indeed, in order to apply a 
modest 1V reverse bias to the photodiode, the reverse bias generator must actually create a 6V 
source! It is expected that a reverse bias of 4V will be enough to see the necessary effects, and 
given the 5V max offset for the anode side, this means that the reverse bias generator will need 
to supply 9V to the cathode of the photodiode.  
 
A 10V rail is available to the payload, and this is part of the reason why the LT3045 was 
selected for this purpose, since the device has 60dB ripple rejection at the 1V of dropout that 
would occur to generate the 9V reverse bias.  
 

 
Figure 6: PSRR to Dropout Voltage of the LT3045 

 
To switch out the photodiode cathode to this reverse bias source from the positive input voltage 
source used in the no-bias configuration, a similar Pickering relay to that used in the gain switch 
is used here (see figure 5).  

2.4 Analog-to-Digital Converter 
The ADC used to read both the photodiodes in this system is the Analog Devices 
ADS124S08IPBSR. This 24 bit, 12 channel device has a large amount of extra functionality that 
makes it perfect for this application. 
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Figure 7: Noise performance of the ADS124S08 

 
Figure 8: Effective and Noise Free Resolution of the ADS124S08 

 
This ADC has several functionalities that are beneficial for this design: 

● Configurable GPIO: Four of the ADCs analog channels can be configured at GPIO pins. 
This has been capitalized on, and these four channels are used to control the gain and 
reverse bias switches (see User operation section). These GPIO levels are set by the 
DVDD voltage of the ADC.  
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● Internal 2V5 reference: The device has a built in 2V5 reference for the ADC that can also 
be routed out to an external pin for other uses. This is used as the second positive input 
voltage source for the TIA. 

● SPI interface for communication with microcontroller 
● Internally configurable PGA with gain settings up to 128x. 

 
This ADC is designed as a differential measurement system (it measures the difference in 
voltage between two input channels, and reports this as the observed voltage). Given this, the 
ADC is designed to assign half of its available byte codes to ‘negative’ voltages (i.e. when the 
polarity of the differential voltage is negative).  
 
This is a problem if one wanted to use the device to measure an analog voltage in a 
‘psuedo-differential’ configuration, where one channel used in the differential measurement is 
tied to a constant voltage reference (which is what we need to do, since the photodiode is a 
single-channel device). If one ties that constant voltage to GND, then the signal could only ever 
produce either positive or negative byte codes, but not both (depending on the polarity of the 
differential signal). This is undesirable because it effectively halves the dynamic range of the 
ADC. To counteract this, instead we tie that channel with the constant voltage to 2V5. This way, 
since the TIA voltage can swing from 5V0 to 0V, and the reference of the ADC is 2V5, we can 
the full byte code range (both positive and negative) will be available.  

● 5V0 > Tia Voltage > 2V5 -> Positive differential voltage 
● 2V5 > TIA Voltage > 0V -> Negative differential voltage 

 
 

Figure 9: Byte Code Assignment for the ADC 
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During normal operation where the system is not using the internal PGA, the absolute 
(measured to GND) input voltage to any analog input pin can extend 0.15V beyond AVDD of the 
ADC (in this case 5V0).  
 
Internal PGA 
 
The ADC has a built-in PGA that can optionally be used to boost the gain of the signal produced 
by the TIA, if we want to investigate if doing so produces better results than not boosting the 
signal. 
 
Using the PGA imposes a restriction on the absolute voltage of the input signal to the ADC 
however, summarized by the following rules: 

VINN < AVDD - 0.15V - ( |VINP - VINN| * (Gain -1) / 2) 
VINP > AVSS + 0.15V + ( |VINP - VINN| * (Gain -1) / 2) 

Where VINP is the absolute positive input voltage to the ADC differential measurement, and 
VINN is the absolute negative input voltage to the ADC differential measurement. This 
supersedes the previously discussed limit between AVDD and GND that the analog channels 
could be.  

 
Figure 10: PGA Output voltage swing compared to input voltage swing 

 
The boiled-down effect of this is essentially that the more gain is desired to be used in the PGA, 
the closer the absolute voltages of the ADC input channels must be to half of AVDD (which in 



Transimpedance Amplifier Design 
ORCASat Payload 

Rev: 1.0 
 
 

this case is 2V5). Exceeding the above rules will saturate the PGA. Additionally, the output 
voltage from the PGA cannot be within 0.15V of either AVDD or GND. 
 
Therefore, the TIA cannot produce the 5V0 max signal used in non-PGA measurement, and this 
must be reduced to a 2V5 (hence the analog switch in the TIA positive input reference). 
 
Since we still have the previously discussed problem of the positive/negative byte codes being 
distributed over positive/negative differential voltages, we still need to make sure that the 
‘negative’ input channel of the differential measurement is set to something less than 2V5. How 
much less this should be depends on how much gain we want available from the PGA (since if 
this voltage source is too low, we limit what gain we can use to maintain the above stated 
absolute voltage rules). To maximize the available gain options, we use a 2V4 voltage source to 
produce the constant voltage signal for the differential measurement.  
 
From the above rules and using a 2V4 source, we can use up to G = 32x gain.  
 
 
 

2.5 Power and Reference Voltage Distribution 

 
Figure 11: Main Power Supply LDO for TIA Board 

 
The power supply for the TIA board is based off the same LT3045 chip used in the reverse bias 
generator. In this case the base voltage rail produced by this chip is 6V2. This is set so as to 
provide some headroom for all the buffer chips that are buffering out 5V0 signals, and the 
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specific value of 6V2 is set because the voltage of the device is derived from a resistor attached 
to a set-point pin (62K is a common resistor value around this range). 
 
To produce the 5V0 and 2V4 voltage rails needed for the circuit, a buffer circuit is used in 
conjunction with a voltage divider, referenced to the 6V2 volts produced from the primary linear 
regulator. Note that all the resistor values for these are calculated based on the supply 
being 6V2. The buffer chip used for this is the OPA378. This op-amp was selected for its low 
noise characteristics, current supply capability, and availability in a SOT23 package.  
 

 
Figure 12: Voltage Rail Buffer Circuit 

 
An additional 5V0 rail was created for the sole purpose of powering the gain and bias relays. 
This was kept separate from the other 5V0 rail to ensure that any transients produced from 
switching the large inductance of the relay does not produce any undesirable effects on the 
sensitive 5V0 reference rail.  

3.0 Theory of User Operation and Control 

3.1 ADC General Theory of Use 
To read both photodiodes during operation, the ADC must rapidly transition back and forth from 
reading one to the other (the ADC reads one photodiode, then while it transmits that data over 
the serial line it begins reading the other). This is an intensive process, as the microcontroller 
will need to issue the command to the ADC to switch channels every time. Single-shot 
measurement must be used, since continuous conversion measurement is only allowed when 
the measurement is taking place on one channel. 
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3.2 ADC Interfacing 
When the TIA board initially receives power, the device defaults to the following configuration: 

● PGA disabled 
● Reverse bias enabled on both photodiodes 
● TIA positive reference voltage set to 5V0. Note that this is controlled from off-board, 

and the control pins should be left floating or tied to GND when the TIA is powered 
down. 

● TIA gain set to 1 MEG. 
 
Available commands for the ADC are given in the following table: 

 
In order to write the configuration data into the ADC, a WREG command must be issued. The 
available registers that can be configured are discussed on page 72 of the ADC124Sxx 
datasheet.  
 
Upon ADC wake-up from power-down, the following commands must be sent to properly set up 
the device regardless of measurement mode: 
 

● Power-on-RESET flag (FL_POR) must be cleared from the STATUS register 
● The MODE bit in the DATARATE register must be set to 1 to enable single-shot 

conversion mode. 
● Set the data rate to the desired amount by changing the DR[3:0] bits in the DATARATE 

register. 
● Set the negative differential measurement channel to the 2V5 reference on AIN7 by 

changing the MUXN[3:0] bits in the INPMUX register to 0111. 
● Configure the GPIO controlled lines to output GPIO by changing the CON[3:0] bits in the 

GPIOCON register to 1111. 
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Measurement Configuration Commands: 
● If “TIA1 Reverse Bias” is not desired, disconnect the reverse bias generator by writing 

1xxx to the DAT[3:0] bits of the GPIODAT register. 
● If “TIA1 Gain” is desired to be switched to its smaller setting, connect the lower gain TIA 

resistor by writing x1xx to the DAT[3:0] bits of the GPIODAT register. 
● If “TIA2 Reverse Bias” is not desired, disconnect the reverse bias generator by writing 

xx1x to the DAT[3:0] bits of the GPIODAT register. 
● If “TIA2 Gain” is desired to be switched to its smaller setting, connect the lower gain TIA 

resistor by writing xxx1 to the DAT[3:0] bits of the GPIODAT register. 
 
When PGA mode is desired to be used: 

● FIRST write a logic HIGH value to the TIA positive reference control pins using the 
external microcontroller. This ensures the PGA does not saturate during this transition. 

● Enable the PGA by setting the PGA_EN[1:0] bits to 01. 
● Set the gain to the desired level by changing the GAIN[2:0] bits. 
● Set the negative differential measurement channel to the 2V4 reference on AIN3 by 

changing the MUXN[3:0] bits in the INPMUX to 0011. 
 
To Measure From TIA Channel 1: 

● Set the positive differential measurement channel to AIN1 by changing the MUXP[3:0] 
bits in the INPMUX register to 0001. 

 
To Measure From TIA Channel 2: 

● Set the positive differential measurement channel to AIN5 by changing the MUXP[3:0] 
bits in the INPMUX register to 0101. 
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4.0 Board Layout and Physical Design 
Considerations 
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4.1 Photodiode Connection 
The photodiode connection, though only passing a single signal, requires two lines to be 
shielded since both anode and cathode of the photodiode are not tied to GND. This means that 
a normal COAX cable could not be used. Additionally, since the photodiode temperature will be 
monitored (on the motherboard) an additional two lines were needed to pass the signal from the 
photodiode thermistor on to the measurement device (this reduces the number of jacks on the 
photodiode module where space is at a premium - the thermistor connections are simply 
bypassed straight to the payload motherboard).  
 



Transimpedance Amplifier Design 
ORCASat Payload 

Rev: 1.0 
 
 

This requires a 4 conductor shielded cable that meets all the other normal specs for cable 
assemblies on the satellite. To do this, the following cable assembly solution was decided on: 
 
- Cable material: 
https://www.digikey.ca/en/products/detail/te-connectivity-aerospace-defense-and-marine/55A18
41-24-0-2-5-9-3/2399598 
 
- Free-hanging connector (USB mini B): 
https://www.digikey.ca/en/products/detail/keystone-electronics/935/2745648 
 
- Board mount connector: 
https://www.digikey.ca/en/products/detail/te-connectivity-amp-connectors/1734753-1/4021671 
 
- PTFE heatshrink to cover the cable-to-connector point: 
https://www.digikey.ca/en/products/detail/qualtek/Q-PTFE-6AWG-02-QB48IN-5/1210365 
 
This all connects to a through-hole USB mini B receptacle on the TIA board.  

 

4.2 Board General Considerations 
Layers 
This board was designed as a 4 layer board. The stackup is as follows (top to bottom): 

● Analog signals 
● GND pour 
● Power Traces 
● GND pour with digital signal lines 

This stackup was created in the effort to keep a solid amount of copper inbetween any and all of 
the digital SPI lines and the sensitive analog traces. Due to the high density of the components 
it was necessary to route the digital traces under the analog traces, but since the analog traces 
are on the top of the board and digital on the bottom, with two uninterrupted ground pours 
(under the analog traces) between them, noise from the digital lines should not affect the analog 
lines. 

https://www.digikey.ca/en/products/detail/te-connectivity-aerospace-defense-and-marine/55A1841-24-0-2-5-9-3/2399598
https://www.digikey.ca/en/products/detail/te-connectivity-aerospace-defense-and-marine/55A1841-24-0-2-5-9-3/2399598
https://www.digikey.ca/en/products/detail/keystone-electronics/935/2745648
https://www.digikey.ca/en/products/detail/te-connectivity-amp-connectors/1734753-1/4021671
https://www.digikey.ca/en/products/detail/qualtek/Q-PTFE-6AWG-02-QB48IN-5/1210365
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4.3 RF Can 

 

 
 


