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Single-Stage Photodiode OP-Amp Solution
Suited for a Self-Mixing FMCW System

Daniel Nordin and Kalevi Hyyppa

Abstract—The current delivered by the photodiode in a —outgoing frequency

self-mixing frequency modulated continuous wave or optical | incoming frequency

frequency domain reflectometry system consists of a dc-current
resulting from the local oscillator, the reflected signal, dark cur-
rent in the photodiode, and current generated from background
light. The current also contains the useful harmonic signal with a
beat frequency corresponding to the range and radial velocity of /. S
a target. To avoid saturation and clipping due to the dc current ] i R

Frequency
>
<

generated in the photodiode, it is desirable to minimize the gain N Ti -

at dc while maintaining a high gain in the beat frequency region. Tnod e

We have investigated some different solutions and present a - z 4

modified current-to-voltage converter using bootstrapping and g§

added voltage gain, which addresses this problem using only one Rg

OP-amp and no dc shorting inductors. = ]{12 ; T R
Time

Index Terms—Frequency modulated continuous wave (FMCW),
operation amplifier, optical frequency domain reflectometry

(OFDRY), photodiode, transimpedance amplifier. Fig. 1. Triangular modulation scheme where the outgoing frequency

corresponds to the local oscillator wave and the incoming frequency
corresponds to the reflected wave. The lower part shows the corresponding
beat frequencies.

|. INTRODUCTION
REQUENCY MODULATED CONTINUOUS WAVE Before going into the problem description and the solution we
(FMCW) is a range and radial velocity measuring techstart with a short introduction to the theory behind FMCW.
nigue well-known from the field of radar applications. The
reflected part of an outgoing frequency modulated wave (w1) Il. EMCW THEORY
is mixed with a local oscillator wave (w2), and as a result th .
frequency difference between the two signals can be obtain _Frequency Modulation
If the frequency modulation is chosen as a triangular wave,If triangular modulation of the optical frequency is used, as
both radial velocity and range of the target can be determindigplayed in Fig. 1, the rang&, can be calculated from the
from the frequency difference, usually referred to as betiequency shiftfr corresponding to the distance according to
frequency. By using a tunable laser as the source, with the fi+fo AR, Af
light frequency as the carrier frequency and a photodiode as fr= 5 1)

. C- T’mor
detector, the beat frequency can be extracted directly from th '

photodiode current. This phenomena, usually referred to Y3€rec is the speed of lightf; and f; the output beat frequen-

the “self-mixing-effect,” is due to the fact that the photodiod&'€S @S shown in Fig. 1, arifl,,q the modulation cycle. The
can be calculated from the Doppler shif

delivers a current proportional to the squared sum of tigraet \_/elocnyvt
two electrical fields wl and w2. The most common type dgtccording to [15]
lasers used are diode lasers of DFB or DBR type,, @D _h=fh 2w 5
Nd:YAG [1]-[14]. Systems can be built either as classical Jp = 2 A )
open Michelson interferometers or with OptiC&' fibers. Optica{/here a positivejh and hencg"D7 Corresponds to a decreasing
frequency domain reflectometry (OFDR) is closely related i@istance between source and target. The above calculations
FMCW. Both utilize the same principles, but in the case fre derived under the assumptions that the range and speed of
OFDR the technique is used to study optical fiber networks. the target are constant during one modulation period and that
Besides the beat frequency, a dc current will also be generaF§g| < fr.

in the photodiode. This paper deals with different ways, while
focusing on one of them, to avoid saturation due to this dc ci8- Self-Mixing Effect
rentand still maintain a high gain in the beat frequency region. |t the received electrical field is denoted Bs cos(w, ¢ + 6,),

and the local oscillator electrical field is denotBg, cos(wit +

61,), the optical power received by the photodiode, ignoring re-
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whereA is the active area of the detector afithe characteristic R, Ry
impedance of the medium in front of the detector. By expanding _r:’—
(3) and removing terms with frequencies too high for the photo- =

diode to respond to, the current from the diode can be expressed - <t -
as ~a

Vout

i(t) =RO(t) + I

RA (E2 EZ2 R
= 2 = E oEr
7 < 2 + 7 + Ly

x cos(wpt + 0, — 01,)) + I 4)

=

Fig. 2. A current to voltage converter using bootstrapping and added voltage

where f = 27wy is the beat frequencyt the responsivity of gain.
the detector andp the dc current in the detector, which can
include both dark current and current generated by background Cs
light. The total dc currenfp generated by the photodiode can —
hence be expressed as Ry ({2

RA (B2 E2 L b
-3 (71 ¥ 77“) T In. ) . s
It should be pointed out that (4) is only valid when the two éDTCD |:| Rp o
waves have the exact same polarization states and that polar- :
ization mismatch degrades the performance.

Ip

Vout

I1l. PROBLEM DESCRIPTION

In a system where most of the transmitted power will be lost,
it can be shown theoretically that maximum signal to noise ratiég- 3-  Our modified circuit with minimal gain at dc. The photodiode has been
. . . s erIaced with an equivalent model.
for the photodiode is obtained by transmitting most of the avalil-

able power [16]. But even for such a design the dc current, re-

sulting mainly from the local oscillator, can cause saturation 8Y Placing it between the OP-amp inputs, refereed to as boot-
clipping in the amplifier if no special care is taken to avoid it. StrapPping. By including’y, as seen in Fig. 3, the gain at lower
When combining an OP-amp with a photodiode for current fieauencies and up to the passband can be expressed as
voltage conversion it is often advantageous to keep the voltage Vout jwR3CH
over the photodiode constant. Commonly a constant reverse bias =Ry + Ry <1 + W) - (6)
. . . JwitoUg + 1
or zero voltage is desired. The latter case can be accomplished
by placing the photodiode between the OP-amps (+) and (-) in-When deriving (6) we have assumed infinite open loop
puts and utilize feedback. One possible solution to avoid safdP-amp gain. From now on, this assumption is always made
ration due to the dc current is to place a high pass filter betweehen deriving transfer functions.
the photodiode and the first amplifying stage. A drawback with Adding onlyC, to the circuit in Fig. 2 reduces the gain at dc
this approach is that it forces you to use a reverse biasing soupygreducing the voltage gait+ R3/ R2 to unity. The total gain
and the resulting reverse bias over the diode will vary due @ dc then equal®; + R, since the dc current generated in the
variations in the dc current. A second drawback is that the filtghotodiode will propagate through both of these resistances. In
introduces noise. Fig. 3 the photodiode has also been replaced with an equivalent
Another possibility is to use a cascade of two OP-amps. Th&del consisting of a current source, shunt capaciterand a
gain in the first stage must be kept low, to avoid saturation afehkage resistancBp. Note that a complete equivalent model
clipping, and a high pass filter that removes the dc level is ishould also include an ideal diode in parallel with the current
serted between the stages. The disadvantages of this appreattice.Rp is usually larger thari0® © and can often be ap-
are the extra OP required and the noise that it will contribute giroximated as infinite. If the dc gain must be reduced even fur-
rectly in the signal path. Yet another possibility is to utilize inther, compared to (6), we can insétf andR,. The gain for the
ductances as a dc short circuit. However, when a wide passbarituit at lower frequencies and up to the passband then equals
starting from a few kilohertz, is desired the resulting inductance . .
ij1R4C4 < ju)Rg,CQ >

value tend to be of the order of mH or larger, and hence unprac—2"" = R, + - -
tically large. Iq JwCs(R1 + Ry4) +1 JwRyCy 41

Inserting C; grounds the OP-amp (+) input at dc, creating a
virtual ground at the (-) input that reduces the dc gain for the
Our circuit is based on a current to voltage converter witintire circuit to simplyRs. However, this introduces the same
added voltage gain using bootstrapping [17], as displayeddrawbacks as placing a high pass filter between the photodiode

Fig. 2. The current is first converted to voltage By. The and the first amplifier. Capacitorsy, C; andCj3 influence sta-
voltage obtained oveR; is then amplified by the voltage gainbility, bandwidth and shunts noise. The complete transfer func-
(1+ R3/Rs). The voltage over the photodiode is kept constatibn with all capacitors included can be obtained from (7) and is

IV. SOLUTION
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c1-6H , ; TABLE |

;g PARAMETERS USED IN THE SPICE $MULATIONS AND CALCULATIONS

E \ Ry =22 k) Ry =56 Q R3 = 2.2 k)

< 16K . Ry;=10MQ | Rp=1GQ -

E \ Ci=10pF | C;=22uF | C3=10 pF

- Cyi=22uF | Co=10pF | Cp=3pF

& : Ciem = 1.0 pF | Ciq = 1.2 pF -

~ 180 4+——+— i -

108ulz 1.0Hz 1. 6MHHz
oSimulated <Calculated (7] ~ Calculated (8]
Cs
Fig.4. SPICE simulated transfer function and the calculated ones from (7) and ”
(8). R, C, R3
|
I

expressed in (8), whei®; = Cy + Cicm, as the common mode f@_‘ @—
input capacitance of the OF;.,,, appears in parallel witldy Tro i I Ths
[see at (8) at the bottom of page]. Fig. 4 displays the simulated J_ ' :
transfer function and the ones obtained from (7) and (8). As (8) ¢ Cp D Rp V2 [Yout
assumes infinite open loop gain, a slight difference between the =|C4 TR+
calculated and the simulated gain can be observed at higher fre- 12, (R, @12
guencies. OP-amp OPA655 and the component values in Table | Ci= R, CP ( ) Lt
were used in the simulation. The listed valuestf,,, and the 1 Co

differential input capacitance of the @R;,,, used in the calcu-
lation, were obtained from the data sheet for the OPA655. TF—‘ . 5. Noise model of our circuit without the noise sources associated with
value of R3 was selected based on tests done in our FMCWE photodiode.

system.

With C, and R, inserted reverse bias should be added to . . .
avoid forward biasing of the photodiode. Reverse biasing can-,rhe gain for the root 'spectral densﬁy of the OP—amp.mput
be accomplished by inserting a voltage source betwaeand "9'S€ voltagd/,,, neglectingCs, assuming?; > Rp and infi-
ground. One drawback associated with the bootstrapping p|aEE.«'? Rp, can be expressed as
ment is that the voltage obtained ovef, and hence over both

of the OP-amp inputs, is a common mode signal that will bKE = ‘1 : j“’Ri‘QZ ’
amplified by the none-zero common mode gain of the OP-ampr (JwC2 Ry + 1)(jwC3R3 + 1)

©)

resulting in an unwanted contributiong,;. It is also possible 14 jwR,(Cp + Cia + Co + C1 + Cicm)
to remove the voltage gain by shorting the output to the (-) input. ) 1+ jwR.(Co+ C1 + Ciem)
Doing so, in conjunction with inserting, and R, completely
removes the gain at dc but also decreases the overall gain. whereR, = R;//R4. A SPICE simulation of the input voltage
, noise gain and the calculated one from (9) are displayed in

A. Noise Performance Fig. 6.

A complete noise analysis including all noise sources, as seefThe input voltage noise gain gives rise to noise gain peaking
in Fig. 5, and transfer functions in the circuit is tedious due @&t higher frequencies. The voltage géint+ Z3/Z,) itself gives
the large number of components and the circuit layout. We harise to one peak and the second factor in (9) gives rise to a
therefore chosen to focus on the main contributors separatelgecond peak. As the second factor will be multiplied by one as

The photodiode generates a noise current consisting of batyyZ, — 0, the second peak will not be completely cut off
thermal and shot noise. Usually the shot noise resulting from thetil limited by the decreasing gain of the OP-amp at higher
dc current through the diode junction will be the dominant on&equencies. The difference between the simulated and calcu-
The noise current generated in the photodiode will be addediabed curves are assumed to result from our assumption of in-
the useful signal current and both will be amplified by the cifinite OP-amp gain at all frequencies. We also used a slightly
cuits transfer function. It is hence not interesting from a circuiargerC'p than commonly found in photodiodes for these types
analysis point of view. of applications, to visualize the second peak around 1 MHz.

Vout _ RS
1 o JjwC3R3 + 1

+ ij1R4C4
Jw(CsRy + C4Ry + C4Ry + C1Ry) — w?(CyCyR1 Ry + C4R4C1 Ry + CqR4C1Ry) + 1

ij302
1 g
< " (jwC3R3 + 1)(jwRyCo + 1)) (8)
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Fig. 6. SPICE simulated and from (9) calculated noise voltage gains. Fig. 7. SPICE simulated and from (10) calculated current noise gains.
The transfer function of the root spectral density of the input V. COMPARISONS

current noise,,+ to the output can be expressed as The output noise of a regular current to voltage converter, also

. refereed to as a transimpedance amplifier, consist of contribu-

: R ’ . ‘ + — -7“’0233 ’ tions from three different noise sources. First, the input voltage

JwR.Cy +1 (jwR2Co + 1)(jwR3C3 +1)|  noise of the OP-amp will result in a noise gain peaking at higher
(10) frequencies according to

VTLO

Ins

whereC,, = Cy +Cy+C;.... The simulated and calculated cur- Vio |1+ jwRf(Cp + Cigm + Ciem + Cy)
. : ) - — = - (11)
rent noise gains are displayed in Fig. 7. Bs only propagates V, 1+ jwRsCy
troughR3//C5 without being amplified by the voltage gain its _ _
contribution will be significantly lower than that df, , . whereR; andC are the feedback resistance and capacitance.

Thermal noise contributions in the circuit can be kept low b$econd, the input current noise of the OP-amp will propagate
using relatively small resistance values. However, this may ribroughR//C generating a noise voltage at the output. Third,
always result in the largest signal to noise ration. The parallBl; itself will also contribute thermal noise. Increasifg in-
combination ofR, and R, will usually be the largest thermal creases the gain but also amplifies the input current noise by the
noise contributor as the noise currdipt, = /4kT/R, ap- same amount and increases the self generated thermal noise at
pears in parallel witH,, , and will hence be amplified with the the output by, /R . The beginning of the noise gain peak due to

same gain function. the input voltage noise is also shifted to lower frequencid3as
increases. If the noise contribution from the input voltage noise
B. Choice of Components dominates the noise spectra, which is common, increaing

. i . . . ) . can improve the overall signal-to-noise ratio. However, the high

Minimal ‘gain at dc, without including any inductors, isyain at dc excludes a transimpedance circuit with very large gain
achieved by minimizingR;, and R, if Cy is not used. BY g g practical solution in our case, unless one introduces a high
keeping bothR:, 13, and R, relatively low, butRs > R», passfilter after the photodiode, but before the op-amp. Then it
the dc gain can be kept low while the voltage gain still makg i possible to use this circuit and the drawbacks with this
a significant contribution to the overall gai?; and R3, goution were discussed in Section IIl.
C> would also have to be chosen to obtain the desired low 5 cascade of two amplifier stages are used the dc level can
frequency blreak points. The break point due to the Z€ero €AUBLS completely removed before the second stage by inserting a
(2mR3C2) " and the one due to the pol@rR2Ch) . If  gimpje high pass link after the first stage. The first stage in the
Ry < Ry, Ry — Ry will determine the overall gain in the c55044e usually consists of a current to voltage converter and the
passbandR, also effects both the signal gain, as seen in (7dgcong stage commonly consisting of a none-inverting voltage
and the noise. Increasing, increases the current NOIS€ gainymplifier. The gain in the first stage can be kept as high as pos-
as seen in (10), with the same amount as the useful signal 9i}je without risking saturation and cutting of the useful signal.
The thermal noise contribution fro, at the output inCreases g ngise generated by all three noise sources in the first stage,
with /R, as R, increases. Increasing, also shifts the ,s mentioned above, will be amplified by the voltage gain of the
beglnnmg of the noise gain peaklrjg, due to the |n_put Vo“g%%cond stage along with the input voltage noise of the second
noise, to lower frequencies. If the input voltage noise peakingjifier. |n this case, the input voltage noise of the second am-
effect dominates the total noise spectra a larger value,aind lifier does not generate any noise gain peaking at the output

I3 can improve Fhe overall signal to noise ratio. Break poin d the other noise sources generated by the second stage can
due to the capacitorsy, C; andC3 can be approximated as often be neglected in comparison.
1 1 Compared to our circuit, the cascade has similar or slightly
= m,fco =& o+ Com) higher noise floor mainly due to the input voltage noise of the
w1 z\~0 rem second OP-amp. The noise differences between the two solu-
tions with the same bandwidth and gain can however often be
neglected compared to the other noise sources in the system, as
1 the laser and photodiode shot noise, laser phase nois, e and laser
fes = 21C3Rs’ output noise [18]-[21]. If the same OP-amps are used in both the

fer

and
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single and cascade case, the cascade solution has a higher thet M. Milnert, C. Carlsson, D. Letalick, and I.Ingemar Renhorn, “Robust

oretical maximum bandwidth for a given gain. Using only one
amplifier will lower the power consumption and reduce the in- 7]
fluence of external noise.
VI. REALIZATION &
The circuit has been assembled and tested in our fiber base
system built around a one-section 10 mW DFB laser at 1510 nm.
We used the same component values as in Table | but a photo-
diode withC; = 1.5 pF. Our local oscillator signal was achieved [
by utilizing the refractive index difference between the fiber
core and air. Measuring the noise spectra was somewhat corii]
plicated since external noise effects dominated the spectra. To
verify the transfer function we amplitude modulated our laser
and compared the gain in the passband to the gain at lower aifi®]
higher frequencies. The measured and simulated results showed
decent agreement with deviations up to about 15 %. However,
because of restrictions in the instruments we were not able to
verify the lowest pole around 0.01 Hz, as seen in Fig. 4. Ir13]
our setup, and with our suggested amplifier circuit, with a tran-
simpedance gain of just belowM2 in the passband, the output
voltage offset due to the dc curreh$ was just below 200 mV. [14]
As the maximum supply voltage of our OP-amp is 5.5V, a reg-
ular current-to-voltage converter with a transimpedance gain qfis;
only 56k saturated when tested in our lab system. 6]
VII. CONCLUSION

We have presented a single OP-amp solution that can corr[11—7]
bine minimal gain at dc with a high gain in the desired frequency18l
region without the use of inductors. This makes it suitable for
use in an optical self-mixing FMCW system. The circuit has|19]
been analyzed theoretically, simulated using SPICE and tested
in our system. Unfortunately the simulated and theoretical noise
results were difficult to verify practically. One drawback asso-[20]
ciated with addingk, and Cy is that reverse biasing in most
cases becomes necessary, and the resulting reverse bias will e
pend on the generated dc current. Compared to a cascade of two
OP-amps, the theoretical noise performance of our solution is
similar or slightly better. Using only one amplifier can also re-
duce the power consumption, the size of the circuit and the in-
fluence of external noise. The cascade solution does, however,
have a slightly higher theoretical bandwidth for a given gain.
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