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Abstract

:

Measurements in commercial devices demonstrate a considerable susceptibility of the operational amplifiers to the electromagnetic interferences coupled to their output pin. This paper investigates some basic architectures starting from single stage amplifiers up to a whole operational amplifier. The result is a correlation between the different amplifier configurations, the output impedance and the susceptibility to the interferences. The simulations are perfomed by using the standard CMOS UMC 180nm technology and by running the netlist of the schematics extracted from the layout.
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1. Introduction


The assessment of IC immunity to EMI is presently compulsory for many applications, because, thanks to the progress of VLSI, electronics is ubiquitous. It is evident in the following industries: computing, communication, manufacturing, transport, entertainment, business, health. We can find ICs nearly everywhere: in computers (of course), in cellphones, watches, medical devices, cars.... Moreover, in recent years, raises serious preoccupations on the vulnerability of electronic equipment to intentional EMI attacks [1,2,3,4,5]: sources capable of producing very high RF power over a wide frequency range are, indeed, presently easily available or even home-made manufacturable. In general, as shown in Figure 1 and Figure 2, Electromagnetic Compatibility issues can be divided into two parts: emissions and susceptibility. Both of them should be as low as possible. This paper will focus on susceptibility, in particular of the analog ICs to conducted interferences. Due to the small dimensions of Integrated Circuits indeed, susceptibility and emission via conduction are more important than via radiation. The susceptibility of analog integrated circuits to conducted EMI has been modelled and verified with simulations as well as experimentally in several works, and analytical models predicting high-power EMI effects in CMOS operational amplifiers and offering a good matching with experimental results have been presented in [6]. On the other hand, the exact repercussion of electromagnetic interference (EMI), which is injected conductively into arbitrary pins of an integrated circuit (IC), is very hard to predict owing to the fact that all the existing coupling paths need to be taken into account [7]. Several works can be found in the literature, describing the susceptibility of analog ICs, as these are more sensitive to EMI. Most of this research focuses on operational amplifiers and other widely used analog blocks, such as for example voltage references, because of their high sensitivity to EMI and their prevalence in electronic circuits [8,9,10,11,12,13,14,15]. The EMI signals are considered directly injected into the gate of the differential pair or into the power supply pins (Vdd and Vss). On the other hand, all the pins can be a possible injection point as demonstrated, for example in [16], where the susceptibility of a bulk-driven CMOS amplifier is investigated by injecting the interferences into the bulk pin. Moreover, the direct injection of the interferences is not the only path available for the EMI. Indeed in [17], the interferences reach the IC (a Local Interconnect Network (LIN) integrated output driver) by means of a parasitic capacitive coupling between the output pin and the conductive ground plane. The unwanted RF signals may indeed be transmitted through the copper plane, often shared with other analog, digital or mixed ICs, and can be capacitively coupled to all the pins, including the output one [18,19,20].



Precisesly, the susceptibility of the Operational Amplifiers to the Electromagnetic Interferences capacitively coupled to the ouput pin has been demonstrated in recent works [18,19,20], involving both commercial amplifiers and custom CMOS integrated ones. The results show a considerable vulnerability and exacerbate the scenario of EMI pollution. Moreover, it follows that the PCB ground plane, commonly shared with other analog, digital or mixed-signal circuits, can be a critical point of EMI pickup and injection. For the sake of clarity, the most relevant measurement results, provided by the literature [18,19], are plotted in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8. The first four graphics show the EMI induced offset in well-known commercial amplifiers (ua741, OPA705, NE5534 and ICL7611). We can see that regardless the techonology and the architecture of the amplifiers (bipolar, CMOS or BiCMOS), they are all suscpetible to the interferences coupled to the output pin. Also, the offset is very high around the hundreds of MHz and it depends on the amplitude of the interferences. The second couple of figures refers to some commercial voltage references. They are very sensible to the EMI coupled to the output pin.



Therefore, it is of paramount importance to deeply understand the reason of the susceptibility, the possible injection paths and the differences between the amplifier configurations. This paper has been organized as follows. In the second section, an overview about the simulation settings, the amplifier configurations and the transistors sizing will be provided; in the following section, a single stage common source amplifier will be studied when subjected to the EMI coupled to its output node (i.e., the drain terminal); in the fourth, fifth and sixth sections the same will be done for the other simple topologies (common gate, common drain and cascode, respectively); in Section 7 a two stages differential input Miller amplifier will be analyzed both in open loop and closed loop configurations. Finally, in Section 8, the discussion of the main results will be drawn and Section 9 concludes the paper.




2. Definition of the Simulation Settings


To reproduce the EMI pollution coming from the PCB, or from a generic ground plane or from close high-frequencies signal traces, an ideal sinusoidal voltage source is connected to the output pin of the generic amplifier, by means of an ideal capacitor, representing the capacitive coupling. A few picofarad forms a realistic value of the parasitic capacitance between a middle length trace and the PCB ground plane, as stated in [21,22,23]. The amplifiers are designed in a standard CMOS technology (the UMC 180nm) and the simulations are performed using the software Virtuoso, developed by Cadence, and, in particular, the Analog Design Environment (ADE) tool. In this way, the investigation of the EMI effect can be carried out with the biggest flexibility. Indeed, the sizing of the transistors can be easy changed, all the possible configuration of the amplifier can be simulated and the effect of the amplitude and the frequency of the interferences can be easy checked. The experimental measurements offer more eminent and complete results, but in this technology the simulations and the measurements of susceptibility fit rather well, Ref. [18,20,24]. Moreover, the simulations (if well supported by the transistor models) are a powerful instrument to understand the possible reasons of the suscepetibility. They indeed allow changing the conditions, the sizing, the settings, and so on..., and allow analyzing the effect of every change individually. Here, a list of the amplifier stages subjected to the interferences is briefly depicted. The DC and AC parameters and the transistors sizing are summarized in the following tables. The details on the circuit architectures, the schematics and the behavior of the amplifiers when subjected to the EMI are, instead, discussed in the corresponding sections. Table 1 refers to the common source stage shown in Figure 9; Table 2 summarizes the parameters of the common drain stage shown in Figure 10; in Table 3 the parameters of the cascode stage shown in Figure 11 are listed.




3. Susceptibility of the Common Source Stage


As a first step, a common source stage (CS) is investigated. The CS amplifier is based on a NMOS transistor, designed in the standard CMOS UMC (United Microelectronics Corporation) 180 nm technology; it is a N_18_MM device (which means regular threshold transistor for 1.8 V nominal voltage supply), with aspect ratio 20, length 1  μ m and width 20  μ m. The biasing point of the device is given by an ideal voltage source of 500 mV at the transistor gate and a resistor of 10 k Ω  connected between the drain and the Vdd (1.8 V), as shown in Figure 9A. The resistor acts also as the active load of the CS stage. With the threshold of 374 mV, the biasing point sets the current at 57  μ A and these small signal parameters: gm 690  μ S and gds 7.2  μ S. As a single stage amplifier it exhibits a gain of 16 dB, a cut-off frequency of 1.5 MHz and a gain bandwidth product (GBW) of 11 MHz. The interference is represented by means of a sinusoidal signal with large amplitude and medium-large frequency. In particular, the amplitude is 1 V peak to peak and the frequency is ranging between 10 kHz and 10 GHz. The capacitive coupling versus the noisy ground plane is set to 1 pF. In this case, the comomon source amplifier exhibits a very low EMI induced offset (a few mV at maximum) and therefore a high immunity to the interferences coupled to the output pin. If a PMOS transistor takes the place of the resistor, as active load, the immunity changes. The new schematic is shown in Figure 9B. The resistive load has been substituted by an active load made of a PMOS transistor in saturation region, with the same aspect ratio of the NMOS counterpart. The gate of the PMOS is biased at 1V and the threshold voltage is around 500 mV. The operating point is slightly different to that of the first circuit and the current is now 54  μ A. The small signal simulations show a gain of 35 dB, a cut-off frequency of 180 kHz and a GBW of 10 MHz.



In this second case (with active load), the common source stage presents a large susceptibility to the interferences coupled to its output pin. Indeed, the EMI induced offset on the output voltage reaches about 200 mV and it is rather large in a wide frequency range, starting from 500 kHz (offset is 100 mV) up to 10 GHz. The results of the simulations performed on both the amplifiers are shown in Figure 12. If the amplitude of interfering signal increases, the induced offset has a large raise, as expected. For example, if the EMI amplitude is 1 V, the maximum offset becomes 400 mV.




4. Susceptibility of the Common Gate Stage


The behavior of the common gate stage (shown in Figure 13) is exactly the same of the common source stage. This is because the injection point (the drain of the transistor) is the same.




5. Susceptibility of the Common Drain Stage


The behavior of the common drain stage is now investigated. The first case is the schematic shown in Figure 10A, with the resistive load.



The NMOS device is a regular threshold transistor, with aspect ratio 20, length 1 μ m and width 20  μ m. The biasing point of the device is given by an ideal voltage source of 1.2 V at the transistor gate and a resistor of 10 k Ω  connected between the source and gnd acts as a passive load. In this operating point the small signal parameters are: gm 763  μ S and gds 8.2  μ S. The current is 68  μ A and the threshold voltage is 379 mV. The AC gain is −1 dB and the cut-off frequency is 13 MHz. The second case is the common drain with the active load (as in Figure 10B). The input transistor is biased at the same 1.2 V, while the active load NMOS is biased by an ideal voltage source of 0.5 V connected to its gate. The operating point is slightly different from that of case A: the current is now indeed 50  μ A. The small signal parameters of the input transistor are now: gm 635  μ S and gds 6.8  μ S. The active load NMOS has similar parameters: gm of 633  μ S and gds of 7.1  μ S. The AC gain is 0 dB and the cut-off frequency is 9.6 MHz. To evaluate the susceptibility of the common drain stage the interferences are coupled to the transistor source (which is the output pin in this configuration) by means of a 1 pF capacitor. The EMI amplitude is 1 V peak to peak and the frequency is ranging between 10 kHz and 10 GHz. The results of the simulations performed on both the amplifiers are shown in Figure 14. As one can see both the schematics (A and B, with resistive or active load) are rather susceptible to the interferences, starting from a few MHz of the interfering signal frequency.




6. Susceptibility of the Cascode Stage


To have a complete overview of the single stage susceptibility, a cascode stage (common source + common gate) is also considered. The schematic is shown in Figure 11 with passive resistive load (A) and with active load (B). The transistors have always a length of 1  μ m and a width of 20  μ m. The common source transistor is biased with 0.5 V at the gate, while the common gate has a biased of 1V. The PMOS transistor in the schematic B is biased at 1.015 V in order to have operating points very similar between the circuits A and B, with the same current of about 50  μ A and the same small signal parameters. In particular, the common source transistor has: gm 633  μ S and gds 7.1  μ S. The common gate transistor has: gm 633  μ S and gds 7.4  μ S. Finally, the active load PMOS transistor has: gm 301  μ S and gds 3.5  μ S. In the first case (schematic A), the AC gain is 16 dB, the cut-off frequency is 1.5 MHz and the GBW is around 10 MHz. In the second case (schematic B), the AC gain is 45 dB, the cut-off frequency is 0.6 MHz and the GBW is around 10 MHz. The behavior of the cascode stage seems very similar to that of the common source stage. The circuit with passive load presents a negligible EMI-induced offset, while the circuit with active load is rather susceptible. The results of the simulations performed on both the amplifiers are shown in Figure 15.




7. Susceptibility of a Two Stages Amplifier


The next step is to investigate the susceptibility of a two stages differential input single ended amplifier. Therefore, a Miller amplifier has been considered. The Miller amplifier is indeed one of the most common CMOS OpAmp. It is based on a differential input stage with single ended conversion which has a behavior similar to that of a common source stage. The second gain stage is usually a common source plus an active load. Sometimes, depending on the applications, a voltage buffer is added after the second stage, to have a low output impedance.



7.1. Susceptibility of a Two Stages Amplifier in Open Loop Configuration


In this subsection, we consider a two stages amplifier in an open loop. This is usually the case of an amplifier used as a comparator. The schematics of the circuits are shown in Figure 16. On the left (Figure A) there is the amplifier with a resistive load, while on the right (Figure B) there is the same amplifier with active load. Concerning the A circuit, the AC simulations show a gain of 55 dB, a cut-off frequency of 22 kHz, a GBW of 12 MHz. Regarding the B circuit, the gain is 72 dB (thanks to the active load), the cut-off frequency is 2.8 kHz and the GBW is 12 MHz. Although both the circuits are now used in an open loop configuration, they have a frequency compensation RC network that ensures 75   ∘   of phase margins if the circuits are in a closed loop. The main small signal parameters and the operating point are also listed in Table 4.



The offset induced by the interfering signals capacitively coupled to the output pin is shown in Figure 17: the blue line represents the Miller amplifier with active load (A circuit in Figure 16) and the red one represents the amplifier with the passive load (B circuit in Figure 16). The output stage of the amplifier in the open loop configuration is exactly a common source stage and a similar EMI susceptibility could be expected. Instead, as shown by the simulation results plotted in Figure 17, the EMI induced offset has two main differences. The first one is the susceptibility of the amplifier with passive load: although it is much less than the amplifier with active load, it is rather high, much higher than the susceptibility of the simple common source stage with passive load (which is negligible). The maximum offset is indeed 600 mV and the critical frequencies range from tens of MHz up to Ghz. The second difference is that the susceptibility of the amplifier with active low decreases at very high frequencies. It does not happen in the simple stages (common source, gate, drain and cascode).



Finally, another huge difference is the value of the offset, which is much larger than that of the single stage: indeed, the maximum offset is above 1 V in the Miller amplifier, while it is less than 200 mV in the common source stage. One of the possible reason of the different behavior could be the RC network for the frequency compensation. It is indeed in the amplifier schematic, even if it is used in an open loop. The sizing of the RC network is: 3 k Ω  for the resistor and 1 pF for the capacitor. The RC network is directly connected to the output pin, it is across the first and the second stage and it may cause a typical phenomenon, Ref. [25,26,27], called EMI charge pumping, which leads to a severe DC shift of the biasing point. To investigate this, a schematic without the RC network (see Figure 18) has been simulated and the simulation results are plotted in Figure 19.



By comparing Figure 17 and Figure 19, it results that: the EMI induced offset is much reduced, and it is almost negligible in the case of resistive load (B circuit). On the other hand, there are still some differences which can be due to the first stage of the amplifier, which polarizes the second stage and is also weakly connected to the ouput node by means of the parasitics.




7.2. Susceptibility of a Two Stages Amplifier in Closed Loop Configuration


The circuits shown in Figure 16 are now connected in a closed loop and the effect of interferences are investigated. The feedback loop decreases the output impedance and a reduction of the EMI induced offset is reasonably expected. The results are indeed plotted in Figure 20.



The susceptibility is similar to that of a simple common source stage (the maximum EMI induced offset is the same); the behavior of the amplifier with the active load is very similar to that of the amplifier with resistive load and the range of uncritical frequencies is enlarged up to a few hundreds of MHz.





8. Overview of the Obtained Results


The exact repercussion of electromagnetic interference, which is injected into arbitrary pins of an integrated amplifier, is very hard to predict owing to the fact that all the existing coupling paths need to be taken into account.



The investigation of single stage amplifier, such as common source, common gate, common drain and cascode, is easier, but non trivial. The susceptibility can be related, indeed, to the output impedance. The common source, common gate and cascode stage have a high impedance output node and it is known that the high impedance (floating) node are more prone to pick up the noise. The behavior of the common drain stage is less intuitive, but it can be still attributed to the impedance: at large frequencies the output impedance of the common drain (which is small at low frequencies) grows up. Moreover, the parasitic gate-source capacitance of the common drain creates a feedback from the output to the input and the charge pumping is maximum. This explains the increasing of the EMI induced offset above the hundreds of MHz.



Regarding the two stages amplifier, a distinction must be done between the open loop and closed loop configuration. For the closed loop configuration, it results that the Miller amplifier (independently on the passive or active low) has a negligible offset until 100 MHz. This result is reasonable because the feedback reduces the output impedance and therefore the susceptibility. Moreover, in this case, by choosing one of the several architectures depicted in the literature, with a high immunity to the EMI injected into the input pin [8,9,10,13,14,15,16], the susceptibility to the output pin can be further reduced, ref. [20]. For the open loop configuration, the behavior is rather unpredictable, but it does not depend on the transistor sizing because a common source stage with the same size and biasing has a different behavior (similar to the one depicted in Section 3). By removing the RC network, the EMI-induced offset assumes more reasonable values. Therefore, a possible cause of the very large offset at the middle high frequencies can be found by comparing the output node with and without the frequency compensation network. We found that the RC decreases the impedance seen from the drain of the PMOS transistor, making it similar to that of the passive load. In brief, the output node could be in a kind of tri-state. An additional voltage buffer could be useful in this case to reduce the output impedance and therefore the susceptibility. The results obtained in the open loop configuration can be also exemplary to understand the behavior of several circuits, such as digital ones and logic gates. Finally, a general consideration is that the behavior at very high frequencies is always difficult to predict. Neither the measurements are so determining, because of the parasitics of the IC package which complicate the analysis.




9. Conclusions


This paper compares the susceptibility to the interferences coupled to the output pin in several different topologies, starting from the single stage amplifiers up to the whole operational Miller amplifier. The output pin is indeed a critical point of injection and therefore effort and attention must be spent to understand the coupling mechanism. The investigation of single stage amplifiers, such as common source, common gate, common drain and cascode, is easier, but non trivial. The susceptibility can be related, indeed, to the output impedance. Regarding the two stages amplifier, similar considerations can be drawn but also a distinction must be done between the open loop and closed loop configuration. In general, the open loop configuration exhibit a larger and less predictable EMI induced offset, while the amplifier with the feedback loop shows a good immunity up to hundreds of MHz.
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Figure 1. EMC issues. 
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Figure 2. Possible coupling mechanisms for EMI attack. 
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Figure 3. EMI induced offset in ua741: interferences coupled to the output pin. 
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Figure 4. EMI induced offset in OPA705: interferences coupled to the output pin. 
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Figure 5. EMI induced offset in NE5534: interferences coupled to the output pin. 
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Figure 6. EMI induced offset in ICL7611: interferences coupled to the output pin. 
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Figure 7. EMI induced offset in series voltage references: interferences coupled to the output pin. 
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Figure 8. EMI induced offset in shunt voltage references: interferences coupled to the output pin. 
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Figure 9. Schematics of the common source stage, with passive (A) and active (B) load respectively. 
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Figure 10. Schematics of the common drain stage, with passive (A) and active (B) load respectively. 
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Figure 11. Schematics of the cascode stage, with passive (A) and active (B) load respectively. 






Figure 11. Schematics of the cascode stage, with passive (A) and active (B) load respectively.
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Figure 12. EMI induced offset in the common source stage. 
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Figure 13. Schematics of the common gate stage, with passive (A) and active (B) load respectively. 






Figure 13. Schematics of the common gate stage, with passive (A) and active (B) load respectively.
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Figure 14. EMI induced offset in the common drain stage. 






Figure 14. EMI induced offset in the common drain stage.



[image: Electronics 09 00304 g014]







[image: Electronics 09 00304 g015 550] 





Figure 15. EMI induced offset in the cascode stage. 
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Figure 16. Schematic ofthe Miller amplifier: (A) with active load, (B) with resistive load. 
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Figure 17. EMI induced offset in the Miller amplifier, open loop configuration. 
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Figure 18. Schematic ofthe Miller amplifier without the RC network for the frequency compensation: (A) with active load, (B) with resistive load. 
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Figure 19. EMI induced offset in the Miller amplifier without RC network, open loop configuration. 






Figure 19. EMI induced offset in the Miller amplifier without RC network, open loop configuration.
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Figure 20. EMI induced offset in the Miller amplifier with RC network, closed loop configuration. 






Figure 20. EMI induced offset in the Miller amplifier with RC network, closed loop configuration.
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Table 1. DC and AC parameters and Transistor Sizing of the Common Source Stage.






Table 1. DC and AC parameters and Transistor Sizing of the Common Source Stage.










	
	DC Biasing and AC Parameters
	Components Sizing





	Common Source with R
	VbiasN = 500 mV, 16 dB gain
	W = 20  μ m, L = 1  μ m



	(passive load)
	1.5 MHz cut-off freq., 11 MHz GBW
	R = 10 k Ω 



	Common Source with PMOS
	VbiasN = 500 mV, VbiasP = 1 V, 35 dB gain
	Wn = 20  μ m, Ln = 1  μ m



	(active load)
	180 kHz cut-off freq., 10 MHz GBW
	Wp = 20  μ m, Lp = 1  μ m
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Table 2. DC and AC parameters and Transistor Sizing of the Common Drain Stage.






Table 2. DC and AC parameters and Transistor Sizing of the Common Drain Stage.










	
	DC Biasing and AC Parameters
	Components Sizing





	Common Drain with R
	VbiasN = 1.2 V, −1dB gain
	W = 20  μ m, L = 1  μ m



	(passive load)
	13 MHz cut-off freq.
	R = 10 k Ω 



	Common Drain with NMOS
	VbiasN = 1.2 and VbiasN2 = 500 mV, 0 dB gain
	Wn = 20  μ m, Ln = 1  μ m



	(active load)
	9.6 MHz cut-off freq.
	Wn2 = 20  μ m, Ln2 = 1  μ m
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Table 3. DC and AC parameters and Transistor Sizing of the Cascode Stage.






Table 3. DC and AC parameters and Transistor Sizing of the Cascode Stage.










	
	DC Biasing and AC Parameters
	Components Sizing





	Cascode with R
	VbiasN1 = 0.5 V, VbiasN2 = 1 V, 16 dB gain
	Wn1,2 = 20  μ m, Ln1,2 = 1  μ m



	(passive load)
	1.5 MHz cut-off freq., 10 MHz GBW
	R = 10 k Ω 



	Common Drain with NMOS
	VbiasN1 = 0.5 V, VbiasN2 = 1 V, VbiasP = 1.015 V
	Wn1,2 = 20  μ m, Ln1,2 = 1  μ m



	(active load)
	45 dB gain, 0.6 MHz cut-off freq., 10 MHz GBW
	Wp = 20  μ m, Lp = 1  μ m
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Table 4. DC and AC parameters and Transistor Sizing of the Two Stages Amplifier.






Table 4. DC and AC parameters and Transistor Sizing of the Two Stages Amplifier.










	
	DC Biasing and AC Parameters
	Components Sizing





	Miller with R (passive load)
	Vb1 = 1.16 V, 55 dB gain
	Wn1,2 = 20  μ m, Ln1,2 = 1  μ m;

Wp3,4,6 = 25  μ m, Lp3,4,6 = 0.5  μ m



	
	22 kHz cut-off freq., 12 MHz GBW
	Wn5 = 20  μ m, Ln5 = 1  μ m; R = 10 k Ω 



	Miller with NMOS (active load)
	Vb1 = Vb2 = 1.16 V,
	Wn1,2 = 20  μ m, Ln1,2 = 1  μ m;

Wp3,4,6 = 25  μ m, Lp3,4,6 = 0.5  μ m



	
	72 dB gain, 2.8 kHz cut-off freq., 12 MHz GBW
	Wn5 = 20  μ m, Ln5 = 1  μ m; Wn7 = 8.5  μ m, Ln7 = 0.5  μ m
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